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Abstract 
 

Localised surface plasmons (LSPs) exhibit striking optical behaviour with resonant properties 

tuned by modification of the host nanostructure’s geometry. This work utilises a novel, 

plasmonic gold nanorod array surface as a sensing platform for diagnostic applications. 

Biological species were detected through the sensitivity of plasmons to refractive index 

changes and the binding kinetics were determined. Investigations were Lysozyme, an immune 

system enzyme, Proteins A and G from common bacteria and Trastuzumab (Herceptin), a 

breast cancer drug. Generally, the calculated kinetic coefficients were in good agreement with 

published values.  

To improve sensitivity and uniformity of the chips, the effect of surface parameters, such as 

diameter, height and spacing were investigated through computational modelling. Finite 

element method (FEM) software, COMSOL Multiphysics was used to find an optimal setup 

for improved sensitivity of the surface, with nanorod diameter, 35nm, height, 200nm and 

spacing of 40nm. The small array spacing may be difficult to fabricate so an array with 

nanorods of 20x150nm and spacing of 60nm may be more viable. 

 Simulations showed field enhancements within the nanostructured array, which could be 

utilised for plasmon-enhanced fluorescence (PEF) to amplify the signal from fluorescent 

molecules.  Integration of chips into a well plate produced an easy to use setup within readily 

available microplate readers in diagnostic laboratories. Chips were characterised, and then 

modelled to simulate field enhancement factors for comparison to experimental data. 

Enhancement factors of 2-5 were in good agreement with most experimental values, however 

some chips had increased experimental enhancement factors of around 20.  

The simulation work completed shows how surface properties, including fabrication defects 

and array coupling, affect the electromagnetic behaviour of the novel nanorod array surface. 

While the results help to improving fundamental knowledge of plasmonic interactions, 

simulated plasmonic spectra and local field enhancements can also be used to guide fabrication 

for a range of LSP applications. Additionally, the surface has been shown to be a feasible 

sensing platform for diagnostic applications, with in-situ monitoring through the tabletop LSPR 

device or through the initial PEF setup. 
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Chapter 1                                     

Introduction 

At nanoscale dimensions (10-9m), interactions of light with noble metal surfaces 

causes the excitation of surface modes known as surface plasmons. Surface 

plasmons are the collective oscillations of electrons that exist at a metal-dielectric 

interface. At a certain frequency, polarisation and angle of incident light, the 

excitations become resonant and a peak is observed in the absorption spectra from 

the surface, in a phenomenon known as surface plasmon resonance (SPR). When 

the metal is fabricated in structures smaller than the wavelength of light, plasmons 

are confined to the surface and resonant behaviour is known as localised surface 

plasmon resonance (LSPR). Both SPR and LSPR are utilised to control, guide and 

concentrate light for applications in  waveguides[1][2], optical fibres[3][4] and 

sensing[5][6]. This thesis investigates LSPR and resultant optical properties on 

nanostructured material for use as an optical sensor for the detection of biological 

molecules for diagnostic purposes.  

1.1 Optical Sensors 

An optical sensor is a device which detects light, with the simplest setup being a 

light source, photodetector, and signal processor (to produce an electrical reading). 

This setup can be directly used for security and distance measurement[7]. Optical 

sensors can be utilised for a range of purposes, with environmental monitoring and 

biosensing applications possible through the addition of a sensing platform as 

shown in figure 1.1. 
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Figure 1.1: Schematic of Optical Sensor Setup with Inclusion of Sensing Platform 

Ideally, a biosensor must be cost-effective and user-friendly with the ability to 

obtain stable and reproducible results in a timely manner. Additionally, the sensor 

must be both sensitive and specific to the required detection events[8]. Therefore, 

optical sensors designed for biological diagnostic purposes, must be able to detect 

and effectively monitor biomolecules, producing a signal proportionate to the 

molecule concentration[9].   

To achieve this, sensing platforms are typically based on either labelled of label-

free technology. Labelled detection uses fluorescent[10] or colorimetric[11] tags. 

These are conjugated (attached to) to a reactive protein for the detection of a 

complementary protein in solution, typically with an antibody-antigen pair. These 

setups, particularly colorimetric, are considered cheap and easy to use making them 

suitable for point-of-care based tests. However, conjugation can alter the binding 

properties of the reactive protein resulting in errors with detection and binding 

kinetics analysis [9]. 

Label-free devices can use plasmonic interfaces, such as metal nanostructures or 

films where reactive proteins on the surface of the metal act as binding sites for the 

proteins in solution. Detection occurs when proteins in solution bind with those on 

the surface, causing a change in the local refractive index.  As the plasmonic 

resonance is sensitive to the refractive indices of both the metal and surrounding 

environment, a shift in the resonance peak position occurs [11]. Therefore, binding 

can be monitored in real-time through measurement of the varying spectral 

properties of the surface. 
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This is achieved by measuring the change in reflected or transmitted light through 

either metal films or nanostructured media. Commercial devices, such as Biacore 

typically utilise surface plasmon resonance on metal films which require coupling 

and result in larger, more complex and expensive setups[12]. When light interacts 

directly with localised plasmons, setups can be smaller and more cost effective, 

however these devices are less sensitive than their SPR counterparts[13][14]. 

Additionally, more complex spectroscopic setups are required for more specialised 

techniques such as surface-enhanced Raman[15] and single-nanoparticle 

devices[16]. 

A possible method for reaching lower detection levels is through the combination 

of plasmonic and label technology, where metal nanostructures modify the 

properties of fluorescent molecules in close proximity. The process, which is 

referred to as plasmon-enhanced fluorescence (PEF), utilises areas of intense fields 

surrounding nanostructures known as hot-spots to improve quantum yields, 

photostability and rates of fluorescent molecules within these regions[17]. This 

results in enhancements in the fluorescent signal,  reduced photobleaching and 

improved sensitivity and imaging resolution[18].  

1.2 Overview of Research 

The research utilises a gold nanorod array surface as the sensing platform. The aim 

of this research is to produce a small, easy-to use and cost-effective localised 

surface plasmon-based optical sensor for the detection of protein binding 

interactions at suitable limits of detection for diagnostic applications. To reach this 

aim, the following objectives were defined: 

- To evaluate the current optical sensor setup through detection of protein 

binding pairs. The measured limits of detection and binding kinetics data 

obtained from experiments were used to evaluate the sensitivity of the 

device.  

- To perform extensive simulation work to investigate the effect of surface 

properties on the optical response of the gold nanorod array chip. The 
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results of these simulations could then be used to optimise future fabrication 

for desired optical characteristics. 

- To investigate the use of gold nanorod arrays for PEF applications through 

computational modelling and integration of gold nanorod array chips into 

current fluorescent setups. 

The investigations completed in this work show the feasibility of the novel surface 

as a biosensing platform, using two detection mechanisms- LSPR and PEF. Both 

sensing methods have varying potential applications; with the LSPR device 

providing in-situ monitoring of binding and the PEF allowing for ease of 

integration and enhanced fluorescent detection. Modelling of the novel nanorod 

surface provides additional insight into the effect of array coupling and fabrication 

selections and defects. The simulated results aim to improve current knowledge on 

the effect of surface properties and plasmonic behaviour, while also guiding future 

fabrication of the nanorod surface. 

Currently the surface is integrated within a prototype optical sensor, which utilises 

the shift in LSPR peak for the detection of various protein binding interactions in 

real-time and in-situ. The nanorod surface was modified through immobilisation of 

proteins to detect various concentrations of proteins in solution to determine the 

sensitivity of the sensor device. Additionally, the binding data was used to calculate 

binding constants which were compared to expected values to evaluate the accuracy 

of the device for kinetics analysis. 

To ensure that the gold nanorod array surface can achieve the low limits of 

detection required for diagnostic applications, the surface properties must be 

optimised. To do this experimentally would be both time and material expensive, 

therefore the surface was simulated through finite-element method (FEM) 

modelling. FEM models utilise discretisation, creating a mesh of many, smaller 

elements where solutions for each are used to approximate the behaviour of the 

entire setup. Simulations were used to form a greater understanding of optical 

interactions, providing information on surface property effects and field 

distributions within the array. However, as simulations rely on approximations the 

conclusions drawn must be evaluated carefully to determine accuracy of results 

before used as a guide for future nanorod chip fabrication. 
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Finally, considering that the produced device must be small and cost-effective and 

easy to use, an alternative method of optical sensor setup may be more suitable as 

it can be easily implemented into current diagnostic laboratories. A PEF-based 

setup utilising well-plates may be more beneficial if sufficient enhancements are 

obtained for improved sensitivity of fluorescent detection methods. The gold 

nanorod array chips were integrated into the bottom of wells and the PEF 

enhancements of signal from fluorescent molecules added to the wells were tested. 

The process utilises microplate readers commonly found in many biological 

laboratories and requires no additional training in comparison to the prototype 

sensor. 

1.3 Thesis Structure 

The work presented in this thesis is divided into the following chapters: 

- Chapter 1: Introduction 

Introduces the relevant background to the completed research. The significance of 

plasmonics, specifically for optical sensing applications is outlined and the scope 

of the research detailed. 

- Chapter 2: Plasmonic Theory 

The theory behind plasmonic behaviour on thin films and nanostructures is 

described. This includes interactions of nanoparticles with other media, including 

substrates, arrays and biological molecules. 

- Chapter 3: Nanorod Array Surface Fabrication 

The fabrication method utilising a porous alumina template for the deposition and 

growth of a semi-ordered, vertical gold nanorod array are described in this chapter.   

- Chapter 4: Localised Surface Plasmon Resonance Based Biosensor 

In this chapter, the nanorod array surface is utilised as a sensing platform for 

biosensing applications. The sensor setup was used to detect and analyse protein 

binding interactions of high affinity protein binding pairs. 
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- Chapter 5: Computational Modelling of Nanostructured Media 

This chapter details the modelling methods used to simulate the optical behaviour 

of the array surface. The methodology used for finite element method (FEM) 

modelling is outlined, showing evolution of the computational model used in the 

research. 

- Chapter 6: Modelling the Optical Response of a Gold Nanorod Array Surface 

Investigations completed using the FEM model are described, showing the effect 

of surface properties on the simulated optical behaviour and expected response of 

the array. 

- Chapter 7: Plasmon Enhanced Fluorescence Using Gold Nanorods 

In this chapter, the nanorod array surface is evaluated for use in plasmon-enhanced 

fluorescent (PEF) applications. Preliminary investigations compare experimental 

data to simulations to determine if the surface provides sufficient enhancement to 

boost the signal from fluorescent molecules. 

- Chapter 8: Summary and Future Work 

This chapter summarises the work completed, draws conclusions from what has 

been detailed and describes future work to be carried out. 

- Appendices A and B 

The two appendices detail the Transfer Matrix Method as discussed in Chapter 5 

and the simulated PEF data used in Chapter 7 respectively. 

1.4 Conclusion 

In this chapter, the relevant background to this research is briefly summarised. The 

thesis utilises a plasmonic surface, where interaction of light with localised surface 

plasmons is used as a sensing platform in an optical sensor. The aim of this work 

is to produce a small, cheap and easy-to-use device capable of achieving diagnostic 

limits of detection. The key objectives required to reach this aim were also outlined. 
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Chapter 2                                         

Plasmonic Theory 

This chapter details the interaction of light with noble metal films and 

nanostructures. Initially, the complex dielectric function of metals is detailed, 

which accounts for the existence of plasmons. The phenomenon of surface plasmon 

resonance is then summarised, with the dispersion relation of plasmon-photon 

excitations, known as surface plasmon polaritons defined. The coupling conditions 

required for the excitation of the propagating polaritons is also specified.   

Localised surface plasmon resonance, which exists on the surface of nanostructures 

is also outlined, including a brief description of Mie theory for spherical particles 

and the required expansion for approximating complex structures such as nanorods. 

Finally, the plasmonic interactions of nanostructures is discussed, such as coupling 

with substrates, within arrays and with other materials, relevant to biosensing 

applications detailed in this work. 

2.1 Complex Dielectric Function 

The Drude model describes the movement of free electrons within a metal in 

response to an applied field.  The model successfully predicts the optical behaviour 

of metals by determining the free electron interactions with an external applied field 

and an internal field due to induced dipole moments. A full mathematical 

description can be found elsewhere [1][2], but the model concludes with an 

equation for the dielectric function of a metal,  ε(ω) as given in equation 2.1. 

ε(ω)=1-
ωp

2

ω2 + iγω
                                                                                             …2.1 
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Where ω is the angular frequency of incident light, and ωp is the plasma frequency, 

which is defined as the natural frequency of undamped oscillations of the free 

electron plasma (equation 2.2): 

ωp= (
Ne2

𝑚∗ε0
)

1

2
 …2.2 

Where N is the number density of free electrons, e is the charge of an electron, m* 

is the effective mass of the electron and ε0 is the permittivity of free space. The 

plasma frequency is the natural frequency of undamped oscillations of the free 

electron plasma. Once it has begun, it is self-sustaining and no longer requires an 

applied field. However, in metals, the free electron plasma oscillations will 

experience damping through electron collisions with collision frequency, γ given 

by equation 2.3: 

γ=
1

τ
  …2.3 

Where τ is the relaxation time, which is typically around 10-14s. Approximating the 

metal as a driven, damped oscillator, the dielectric function can be described as a 

combination of phase lag between the driving frequency and natural frequency of 

the free electrons and the loss of energy through damping.  By considering these 

factors, the dielectric function can be rewritten as complex with real and imaginary 

parts as given in equations 2.4 and 2.5 respectively.  

Re(ε(ω))=1-
ωp

2

ω2 + γ2
 …2.4 

Im(ε(ω))=
ωp

2γ

ω(ω2 + γ2)
 …2.5 

The real part relates to the phase lag, which is due to the slowing down of an 

incident electromagnetic wave through the metal, dependent on the metal’s 

permittivity to the light. At angular frequencies less than the plasma frequency, the 

real dielectric function of metals will be negative. The imaginary part is due to 

damping of the wave within the metal, through losses from resistance and 

absorption of the incident light. The complex dielectric function can be rewritten 

in terms of its real and imaginary counterparts as shown in equation 2.6: 
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ε(ω)=ε1 + iε2= (1-
ωp

2

ω2 + γ2
) + i(

ωp
2γ

ω(ω2 + γ2)
)                                                      …2.6 

At optical frequencies, the complex dielectric function can be determined through 

measuring reflection off thin films as detailed by Johnson and Christy[3]. The 

experimental results give a complex refractive index value, ñ, given in equation 

2.7: 

ñ=n + iκ  …2.7 

Where n is the real refractive index which gives the phase velocity of the wave 

travelling in the material and 𝜅 is the imaginary refractive index, also known as the 

attenuation coefficient. It describes the attenuation of the wave as it propagates 

through the material. The refractive index can be described in terms of the relative 

permittivity, ε and permeability, μ of the material. As most materials are considered 

non-magnetic at optical frequencies, the refractive index can be defined by equation 

2.8: 

ñ=√ε  …2.8 

This allows for the real and imaginary parts of the dielectric function to be written 

as equations 2.9a and 2.9b respectively. 

ε1=n2 - κ2  …2.9a 

ε2=2nκ  …2.9b 

And the real and imaginary refractive index parts given by equations 2.10a and 

2.10b respectively: 

n=√
|ε| + ε1

2
                                                                                                     …2.10a 

κ=√
|ε| - ε1

2
                                                                                                      …2.10b 

Where |ε| is the complex modulus, given by equation 2.11: 

|ε|=√ε1
2 + ε2

2  …2.11 
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Equation 2.4 shows that the real dielectric function varies with decreasing optical 

frequencies. It becomes smaller through the ultraviolet regime, before turning 

negative in the visible region and is largely negative in the infrared spectrum. This 

optical property of the real dielectric function gives rise to the various optical 

behaviour of metals, including the existence of plasmons. Plasmons are the 

oscillations of the free electrons within the plasma. Plasmons can exist in bulk or 

at a metal-dielectric boundary, where they are referred to as a surface plasmon. To 

support plasmons, the real dielectric function of the metal must be negative in the 

specified wavelength range and the imaginary part, which determines absorption, 

must be small to prevent lossy waves.  

2.2 Surface Plasmon Resonance 

Surface plasmon resonance (SPR) is the excitation of surface plasmons (SPs) which 

exist at the metal-dielectric interface. In optical sensors, SPR refers to the 

interaction of incident light with surface plasmons, producing quasi-particles 

known as surface plasmon polaritons (SPPs). SPPs are free to propagate along the 

interface, but will travel evanescently with distance from this boundary, 

perpendicular to the direction of propagation. In this section, the origin of SPPs is 

detailed and the required excitation setups are discussed. 

2.2.1 Mathematical Description of Surface Plasmon Polaritons 

Figure 2.1 shows the simplest geometry for sustaining SPPs, a planar metal-

dielectric interface which is semi-infinite in the x-z plane. The metal has a 

frequency-dependent, complex dielectric function, εm(ω) and the dielectric has a 

real, positive dielectric constant, εd. 
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Figure 2.1: Schematic of Dielectric (εd) and Metal (εm(ꞷ)) Semi-Infinite Interface Supporting 

SPP Propagation 

The SPPs will propagate along the boundary (z=0) in the x direction, with an 

infinite y plane preventing scattering effects from the edges of the media. If the 

SPPs travel in the z-direction, they experience exponential decay with distance into 

either media. Therefore, the SPPs must have a wavevector, k with real part in x-

direction and imaginary component in z-direction. In addition, as the SPPs 

propagate along the interface then field components must be continuous across the 

boundary. It can be shown that for these conditions, no surface modes exist for 

transverse electric (TE) polarisation[4]. Therefore, only transverse magnetic (TM) 

polarisation will excite SPPs. 

Transverse magnetic waves have perpendicular magnetic field and parallel electric 

field components, Hy, Ex and Ez respectively. The electric and magnetic fields of 

the TM wave can then be described in the metal (z<0) by equations 2.12a and 2.12b 

respectively and dielectric (z>0) by equations 2.13a and 2.13b respectively. 

z<0: 

Em=(Emx, 0, Emz)ei(kxx - kmzz - ωt)                                                                    …2.12a 

Hm=(0, Hmy, 0)ei(kxx - kmzz - ωt)                                                                       …2.12b 

z>0: 

Ed=(Edx, 0, Edz)e
i(kxx + kdzz - ωt)                                                                      …2.13a 

Hd=(0, Hdy, 0)ei(kxx + kdzz - ωt)                                                                        …2.13b 
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By applying Maxwell’s Equations in absence of charges and currents,  and suitable 

boundary conditions to equations 2.12a, 2.12b, 2.13a and 2.13b, the surface 

plasmon dispersion relation can be derived[5] and is given in 2.14.  

kx=k
SPP

=k0√
εdεm(ω)

εd + εm(ω)
                                                                                   …2.14 

Where εm(ω) shows the dependence of the metal dielectric function (and behaviour) 

on the optical frequency. For SPPs to exist, the real part of the dielectric function 

must be negative in the metal, as concluded in section 2.1 and its magnitude must 

be greater than that of the dielectric. Figure 2.2 below compares the dispersion 

relation of SPPs with that of incident light in air. 

 

Figure 2.2: Comparison of Dispersion Curves for Surface Plasmon Polaritons (SPP) (solid 

line) and Incident Light (dotted line) Showing Wavevector Mismatch (from [6]) 

At large wavevectors, the SPPs approach the surface plasmon frequency, as given 

by equation 2.15. 

ωSP=
ωP

√1 + εd
                                                                                                   …2.15 

If damping of the free electron oscillations is considered negligible, then as the 

frequency tends toward the surface plasmon frequency, the wavevector tends 

towards infinity and gradient (group velocity, dω/dk) tends to zero. In this case, 

the mode is electrostatic and represents a surface plasmon. Hence the surface 

plasmon frequency is an asymptotic limit for the SPPs. The dispersion relations of 

light and SPPS never overlap, which visually represents the wavevector momentum 



Chapter 2 Plasmonic Theory 

 

16 

 

mismatch between the two. This means that incident light cannot directly excite the 

SPPs and a coupling method is required to overcome this mismatch. 

2.2.2 Coupling Mechanisms 

Typically coupling mechanisms utilise prisms, such as the Otto[7] and 

Kretschmann[8] configurations, however use of diffraction gratings has also been 

reported[9]. The Kretschmann configuration, is the most popular method, because 

it allows for incorporation of microfluidics on the SPP side of the thin film as shown 

in figure 2.3. 

 

Figure 2.3: Schematic of Kretschmann Configuration with Adjacent Flow Cell 

When incident light of a specific wavelength, 𝜆 enters at a critical angle, 𝜃𝑐, total 

internal reflection (TIR) occurs and all light is reflected within the prism. The 

parallel component of incident light, kx undergoing TIR is given by equation 2.16: 

kx=k0√εPsinα                                                                                               …2.16 

Where εp is the dielectric constant of the prism and α is the angle of incidence. The 

produced evanescent wave can tunnel through the metal and interact with surface 

plasmons on the bordering noble metal film. Depending on the incident angle and 

wavelength of the incident light, the wavevector momentum can match and SPPs 

are produced. This occurs when the surface plasmon condition is fulfilled as shown 

by equation 2.17: 
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k0√εPsinα=k0√
εmεd

εm + εd
  …2.17 

The required angle and wavelength of incident light varies with different setups as 

the SPP mode conditions change for different film properties and changes in the 

surrounding media.  

2.3 Localised Surface Plasmon Resonance 

In this research, plasmons are confined to nanostructures smaller than the 

wavelength of incident light and are referred to as localised surface plasmons 

(LSPs). Due to their reduced size, the incident light can directly excite the LSPs, 

with no need for a coupling mechanism. Light penetrates within the particle and 

cause the free electron cloud to oscillate with respect to the positive nuclei as shown 

in figure 2.4. 

 

Figure 2.4: Schematic of Interaction of Electric Field with Gold Nanospheres Resulting in 

Electron Cloud Oscillation 

The resultant behaviour is similar to a driven damped harmonic oscillator, where 

the curved surface attempts to restore neutral charge and counteract the electron 

displacement through use of a restoring force[10]. The oscillatory nature depends 

on the geometry and charge density of the particle. At specific frequencies, the 

oscillations become resonant in a process known as localised surface plasmon 

resonance (LSPR). 
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The resonant properties and resultant optical behaviour associated with LSPR are 

often described through use of the simplest nanostructure, the nanosphere. The 

most common model for describing the electromagnetic interactions with the 

nanospheres is Mie theory, which is summarised below. Additionally, the 

analytical model and corresponding approximations for additional shapes are also 

discussed. Finally, the interactions of nanostructures with other media, as relevant 

to this research is detailed. 

2.3.1 LSPR on Nanospheres  

The optical properties of colloidal gold particles have been utilized throughout 

history, from use in paints and in the famous Lycurgus cup [11]. In 1908, Gustav 

Mie published his research into describing the underlying mechanisms producing 

these properties[12]. It describes the interactions between electromagnetic fields 

and colloidal gold nanoparticles, considering them as homogeneous metal spheres 

of arbitrary size surrounded by an isotropic, non-absorbing dielectric media. This 

work focusses on the nanostructures smaller than the wavelength of incident light, 

where nanosphere interactions can be analysed through use of the quasistatic 

approximation. 

The approximation assumes that the nanosphere experiences a surrounding uniform 

external electric field and Maxwell’s equations can then be solved for this quasi-

static field. A complete derivation of the approximation which solves the Laplace 

equation under suitable boundary conditions can be found elsewhere[13][14]. The 

treatment concludes that the applied field induces a dipole moment, p in the centre 

of the nanosphere, given by equation 2.18. 

p=4π𝜀0𝜀𝑑r3 εm - εd

εm + 2εd
  …2.18 

Where E0 is the applied field, r is the nanosphere radius and εm and εd are the 

dielectric function of the metal and dielectric constant of the surrounding media 

respectively. The polarisation of the nanoparticle is in the same direction as the 

applied field, with strength proportional to the field as shown in equation 2.19. 

p=ε0𝜀𝑑αE0                                                                                                   …2.19 
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Where the polarizability of the nanosphere, α is given by equation 2.20: 

α=4πr3(
εm(ω) - εd

εm(ω) + 2εd
)                                                                                                 …2.20 

The polarisability occurs due to the external field, which induces a dipole moment 

proportional to the field. Equation 2.19 shows that the response of the charge 

distribution to external perturbations is dependent on the nanoparticle shape, 

material and surrounding media. As the dielectric function of the metal is frequency 

dependent, therefore the polarizability is also frequency dependent. When the 

denominator approaches a minimum, the polarizability shows a resonant 

enhancement. Light scattering off the nanosphere and absorbed by the nanosphere 

also experiences a resonance enhancement which can be expressed through 

scattering and absorption cross-sections. The cross sections can be derived from 

the Poynting vector of the electromagnetic fields from the nanosphere, treated as 

an oscillating dipole[14]. The scattering and absorption cross-sections are given in 

equations 2.21 and 2.22 respectively. 

Csca=
k0

4

6π
|α|2=

8π

3
k0

4
r6 [

εm - εd

εm + 2εd
]

2

  …2.21 

Cabs=k0Im[α]=4πk0r3Im [
εm - εd

εm + 2εd
]  …2.22 

Where k0 is the wavevector given by the angular frequency, ꞷ over speed of light, 

c. The sum of these two cross-sections gives the resonant enhanced extinction 

cross-section, given by equation 2.23: 

Cext=Csca + Cabs=9
ω

c
ε

d

3

2 V(
εi

(𝜀𝑟 + 2𝜀𝑑)2 + εi
2 )  …2.23 

Where V is the volume of the nanosphere and εr and εi are the real and imaginary 

parts of the dielectric function of the metal sphere (equation 2.6). Plotting 

extinction data shows a peak at a specific frequency, corresponding to the LSP 

mode and is given by equation 2.24, assuming the metal follows the Drude model. 

ωLSP=
ωP

√εd+2
  …2.24 
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2.3.2 Expansion for Additional Geometries  

Provided nanospheres remain small enough, their optical properties can be 

determined accurately through use of the quasistatic approximation. However, for 

other nanoparticles typically utilised in plasmonics, such as nanorods; Mie theory 

is unable to predict light scattering and absorption behaviour. To predict the 

behaviour of non-spherical geometries, additional expansions are required, such as 

Mie-Gans theory[15]. By considering nanorods as ellipsoids, their optical 

properties can be approximated using the quasistatic approximation through the 

inclusion of a geometrical factor. Ellipsoids, described by equation 2.25, can be 

either prolate or oblate, referring to either elongated or flattened ellipsoid with 

shapes similar to a needle or disk respectively as shown in figure 2.5.   

x2

a2
 + 

y2

b
2  + 

z2

c2
=1  …2.25 

 

Figure 2.5: Schematic of Prolate and Oblate Ellipsoids with Semi-Axis Lengths, a, b and c in 

x, y and z Directions Respectively 

The ellipsoids are considered to have equal semi-axes (a=b) with solutions for 

prolate ellipsoids (c> a=b) used, rather than oblate (c<a=b) to approximate the 

shape of the cylindrical nanorods. The polarisability can be derived through the 

quasistatic approximation, however the full derivation is outside of the scope of 

this thesis[16].  Considering the three axes of the ellipsoid, the polarisability 

depends on the orientation of the ellipsoid in the field, as given by equation 2.26. 
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αi=
4π

3
abc

εm - εd

εd + Li(εm - εd)
   i=1, 2, 3   …2.26 

Where i represents the three axes and Li is the depolarisation (or geometrical) factor 

in each direction. For cylindrical nanorods approximated by a prolate ellipsoid, the 

geometrical factor in the z-direction is given by L1 in equation 2.27. 

L1=
1 - e2

e2
(

1

2e
ln

1 + e

1 - e
-1)  …2.27 

Where e is the eccentricity given by equation 2.28: 

e=√1-
a2

c2
  …2.28    

The geometrical factor in the x and y directions is equal (L2=L3) and is given as a 

function of L1 as shown in equation 2.29.  

L2=L3=
1 - L1

2
                                                                                                 …2.29 

Due to the different polarisation along the short and long axes of the ellipsoid, the 

optical properties along the axes will vary. At resonance, when the denominator of 

2.25 approaches zero, there are two visible peaks associated with the short and long 

axis oscillations, as seen in figure 2.6, known as transverse and longitudinal modes 

respectively.  

 

Figure 2.6: Schematic of Short and Long Axis Oscillations of Transverse and Longitudinal 

Resonance Modes Respectively 
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2.4 Plasmonic Interactions  

The theoretical solutions for nanoparticles assume that a single particle is isolated 

in a homogenous media. In reality, the nanostructures will typically be interacting 

with others while suspended in solution, evaporated, or fabricated on a substrate or 

aligned within an array. Each of these interactions affects the measured optical 

properties of the nanostructures. Additionally, the dependence of the resonance on 

the dielectric function of the surrounding media, as seen in equation 2.20 and 2.26 

can be utilised for measuring changes in the local refractive index for sensing 

applications. 

2.4.1 Nanostructure-Substrate Coupling  

At significant distances from a substrate, the optical response of the nanoparticle is 

similar to that in an isolated, homogeneous media. With decreasing distance 

between the nanoparticle and surface, the substrate interrupts the symmetrical field 

distribution surrounding the nanoparticles.  

For metal substrates, strong coupling between nanoparticles and surfaces occur 

with hybridisation of the localised plasmons on the nanoparticle and SPPs on the 

metal substrate. Nanoparticles also couple with image charges, which are 

multipoles induced on the surface by the proximity of the plasmonic 

nanoparticle[17], as shown in figure 2.7.  Coupling between the nanoparticle and 

substrate results in a red shift of resonance peak which is dependent on the 

separation between substrate and nanoparticle and thickness of substrate[18].  
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Figure 2.7: Schematic Representation of Nanoparticle Coupled to Dipole Image Charges in 

Substrate (Adapted from [19]) 

Dielectric substrates also couple with nanoparticles, with weaker interactions due 

to coupling only with image charges on the surface.  However, the strength of 

nanoparticle-dielectric substrate interaction can still be significant, with strength 

increasing for increasing dielectric permittivity (refractive index). With increased 

permittivity, the strength of the image and resultant interactions increase with 

image charges reduced by a factor of (ε-1)/(ε+1)[19]. Additionally, the inclusion of 

the substrate which breaks the field symmetry surrounding the nanoparticles can 

result in higher order plasmon modes[17]. 

2.4.2 Nanostructure Array Coupling  

Interactions between nanoparticles are usually limited to coupling in small particle 

clusters, such as the dimer[20]. The plasmon hybridisation model is often used to 

explain the interactions in these setups, where dimer nanoparticles are treated as 

two classical dipoles with Coulombic interactions between surface charges[21]. 

The interactions are dependent on nanoparticle separation, with significant field 

enhancements occurring for particles in close proximity. 

When nanoparticles are ordered within an array, short-range and long-range 

interactions occurs with near-field coupling between neighbouring nanoparticles, 

whereas far-field interactions throughout the array. Far-field interactions occur for 
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nanoparticle separations greater than near-field coupling, where scattered fields 

from particles interact, forming collective radiation[22]. Experimentally, these 

interactions result in a red-shift of the plasmonic resonance, with increasing shift 

due to reduced array spacing. Additionally, increased field enhancements and 

higher quality resonances are also reported[23]. These field enhancements are 

dependent on array spacing and can be utilised for surface enhanced Raman 

spectroscopy (SERS)[24] and plasmon-enhanced fluorescence (PEF) as detailed in 

Chapter 7. 

2.4.3 Sensing Mechanisms of Nanoparticles 

Excitation of localised surface plasmons is dependent on the size, shape and 

material of the host nanoparticle, as defined in equations 2.19 and 2.25. However, 

the optical behaviour is also affected by the surrounding media, where a change in 

the dielectric constant (and refractive index), results in a change of resonant 

properties. This inherent sensitivity can be exploited for detecting molecules for a 

variety of sensing applications as detailed in chapter 4, where a change in 

surrounding media results in a shift in the resonance peak.  

Single nanoparticle-based sensors are capable of ultra-low limits of detection with 

40nm shifts reported for a single Ag nanoparticle[25]. Array based sensing results 

in a significantly smaller shift of peak but provides a better signal-to-noise ratio as 

signal occurs over a larger sensing platform. To improve signal-to-noise ratio and 

measure detection with single nanoparticles, a dark field microscopy setup is 

typically used which is significantly more complex than required for array sensors 

as utilised in this work. Due to the simpler setup, array devices are easier to use and 

take measurements and allow for higher throughput. In the sensor setup utilised in 

this research (chapter 4), changes in the resonance peak are detected by a dip or 

peak in the signal measured through a sensorgram. When a solution change or 

binding event occurs, the resonance peak is shifted from the baseline, causing either 

a peak or dip in the real-time response due to a higher or lower refractive index 

respectively.  Figure 2.8 shows an idealised output for a buffer (n=1.33) to ethanol 

shift (n=1.36), with the sensitivity i.e. how great a signal change is dependent on 

the surface properties of the chip.  
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Figure 2.8: a) Idealised Output of Sensitivity Measurement Showing Shift in Peak Wavelength 

and Intensity and b) Idealised Sensorgram Showing Shift in Signal for Buffer to Ethanol 

Change 

2.5 Summary  

This chapter detailed the origins of surface plasmon polaritons propagating on the 

metal-dielectric interface and localised surface plasmons on the surface of a 

nanoparticle. Initially, the dispersion relation of surface plasmon polaritons, the 

electromagnetic excitations which propagate at the metal-dielectric interface, was 

derived and the coupling setups required to overcome momentum mismatch were 

detailed.  

Localised surface plasmons, excitations of the free electron density confined to the 

surface of nanoparticles which can directly couple with light were also discussed. 

The optical properties of nanospheres were described through use of Mie theory, 

which was adapted through use of the Mie-Gans expansion to approximate 

nanorods as prolate ellipsoids. Finally, the optical behaviour of nanostructures was 

summarised, considering the effect of coupling with substrates and between 

nanoparticles and the method utilised in sensing applications. 
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Chapter 3                                       

Fabrication of the Nanorod Array Surface 

This chapter details the fabrication processes associated with the nanorod array 

surface utilised in this research.  

3.1 Nanostructure Fabrication  

Nanostructured surfaces can be produced through numerous methods, with the 

most common typically described as either top-down, bottom-up or nano-template 

processes. Top-down techniques involve the projection and cut-out of a pattern on 

a material to produce the desired nanostructure. This can be achieved through use 

of lithography techniques such as electron beam lithography [1][2]. Bottom-up 

systems form self-assembled atomic layers of material onto a substrate through 

chemical synthesis to build the structure. This can occur through various methods 

including atomic layer deposition (ALD) [3][4].  

Nano-template methods utilise a template, which is commonly porous alumina 

[5][6] as the basis for the growth of nanostructures. The nanostructured chip utilised 

in this research is created using the nano-template method, where gold is 

electrodeposited into porous alumina to produce the required nanorod array. While 

an in-depth description of the fabrication process can be found elsewhere[7]–[9], 

the main steps; creating the template and electrochemical growth of the nanorods 

are discussed in the following sections. 
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3.2 Production of Alumina Template 

The alumina template is created in three stages; sputtering of aluminium on the 

sample, anodisation of the aluminium to produce porous alumina and modification 

of the pores through chemical etch as shown in figure 3.1. 

 

Figure 3.1: Stages of Alumina Template Formation (Not to Scale): a) Sputtered layers of 

aluminium and gold and tantalum pentoxide on glass substrate b) Porous alumina formed 

through Anodisation c) Widened pores from Chemical Etch 

3.2.1 Thin Layer Deposition on Glass Substrate 

A multilayer system of tantalum pentoxide, gold and aluminium were deposited on 

a clean glass substrate using a Lesker Magnetron Sputtering System[10]. Sputtering 

is a physical vapour deposition (PVD) technique[11] where heavy, energetic argon 

ions bombard targets to eject surface atoms, producing thin layers of material.  

A sputtering gas, argon (10-3 mbar) is gradually added to the sealed chamber under 

vacuum conditions (10-8 mbar) and a voltage is applied across the gas using an 

anode-cathode circuit. High energy electrons of the associated electric field collide 

with argon atoms, producing heavy, energetic ions. The collision rate probability is 

increased through use of magnetrons to increase electron path length to anode. This 

“trapping” effect increases both sputtering rates and deposition rates at lower 

pressures than typically possible for non-magnetic sputtering [12]. 

The argon ions then bombard the target, positioned at the cathode. Successful 

ejection of surface atoms from the target occur through momentum exchange for 
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ion energies of 10eV or higher, with the freed atoms being deposited as a thin layer 

on a glass substrate. Initially, a thin layer tantalum pentoxide (Ta2O5) was sputtered 

on to the glass substrate, to act as adhesion and prevent peeling of the subsequent 

gold (approximately 5-6nm). A layer of aluminium was then sputtered on top of 

the gold, acting at the basis of the alumina template. 

3.2.2 Formation of Porous Alumina 

The aluminium layer was then anodised, a process which increases the oxide layer 

on metals to form porous alumina. The setup uses the sample as the anode, a 

platinum cathode and electrolyte of 0.3M sulphuric acid at a constant temperature 

of 1⁰C. Applied voltage across the setup causes oxidation of the aluminium at the 

anode and reduction at the platinum cathode as shown in equations 3.1 and 3.2 

respectively. 

Anode: 2Al(s)+6OH(aq)
- -6e-→Al2O3 (s)+3H2O(l)                                         …3.1. 

Cathode: 6H(aq)
+ +6e-→3H2 (g)                                                                     …3.2. 

The associated electric field focusses at grain boundaries and surface effects on the 

sample, forming pores which compete for growth. When an equilibrium between 

growth and dissolution of the oxide layer is reached, the process produces a semi-

ordered, hexagonal array of uniform pores [13]. 

Current is monitored throughout anodisation to oversee pore growth and prevent 

exposure of gold underlayer to the high currents used in the process. In addition, 

the pore diameter and centre-to-centre array spacing can be varied through 

changing parameters such as electrolyte and anodisation voltage used. Current 

voltages of 25V give centre-to-centre spacings of approximately 60nm.  

3.2.3 Alumina Template Modification 

The template is then modified for the required pore diameter by a chemical etching 

process to widen the pores through dissolution of the alumina template. The sample 

is soaked in 30mM sodium hydroxide (NaOH), where longer times result in wider 

pores. Current etch times of 30-32 seconds produce nanowire diameters of 



Chapter 3 Fabrication of the Nanorod Array Surface 

 

32 

 

approximately 25nm. The etch also removes a final barrier layer of alumina, 

uncovering the gold underlayer for electrodeposition. 

3.3 Creation of the Nanostructured Array 

The final two stages of fabrication produce the gold nanorod array. Rods are 

created through electrodeposition of gold within the alumina template. The 

template is then removed, exposing the array as shown in figure 3.2. 

 

Figure 3.2: Stages of Gold Nanorod Array Creation (Not to Scale): a) Electrodeposition of 

gold into porous alumina template and b) Removal of template from Sodium Hydroxide 

(NaOH) soak  

3.3.1 Creation of Nanorods 

The exposed gold layer acts as the cathode in an electrodeposition setup for growth 

of gold nanorods in the alumina template. The setup utilises a platinum anode and 

an applied, constant voltage of -0.45V. The electrolyte solution is a combination of 

sodium sulphite, Na2SO3 (0.42M), sodium thiosulphate, Na2S203 (0.42M) and of 

gold chloride, HAuCl4 (0.05M)[7].  

During electrodeposition, an applied current causes the reduction of gold cations at 

the platinum anode which are attracted and move towards the gold underlayer 

cathode. The gold is deposited and guided by the alumina template, forming 

nanorods. To ensure successful deposition and growth of nanorods of the desired 

a. b. a. b. 
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length, the current and optical transmission through the sample are monitored 

during the process.  

3.3.2 Removal of Template 

The alumina template is then removed through a final chemical etch. The sample 

is submerged in 30mM NaOH bath for an hour to dissolve the template and expose 

the gold nanorods. The sample is then immersed in water for an additional hour to 

remove any excess NaOH. The nanorod array surface can then be further modified 

for different applications, such as functionalisation for protein sensing as discussed 

in chapter 4.  

3.4 Conclusion 

In this chapter, the fabrication process of the nanorod array chip has been detailed. 

The surface is formed in two stages, creation of the porous alumina template and 

formation of the nanorods through electrodeposition. This nano-template method 

is highly efficient and controllable with tuneable nanorod geometries. Nanorod 

height, spacing and diameter can be easily changed through different sputtering 

times, anodisation voltages and etch times respectively. Figure 3.3 shows a 

scanning electron microscopy (SEM) image of a fabricated nanorod array surface. 

 

 

 

 

 

 

 

Figure 3.3: High Resolution SEM Image of Gold Nanorod Array Surface with Average 

Dimensions: Diameter=39.5nm, Centre-to-Centre Spacing= 64.1nm and Height= 256nm 

(Image Reproduced Courtesy of Breandán Hill, QUB) 
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Chapter 4                                                 

Localised Surface Plasmon Resonance 

Prototype Sensor 

Chapter 2 detailed how surface plasmons are sensitive to changes in the 

surrounding dielectric media. To be utilised for sensing applications, the plasmonic 

response must be selective in detecting changes due to specific biological or 

chemical molecules. In this chapter, the use of the gold nanorod array surface in an 

LSPR sensor setup for label-free detection of biological species is investigated. 

Initially, commercial and novel plasmonic biosensor setups are reviewed and the 

motivation for producing the nanorod array sensor is discussed. The sensor setup 

is then detailed, explaining the functionalisation and detection processes. Finally, 

protein pairs and binding kinetics will be summarised, and the sensor performance 

is evaluated through three protein binding pair studies: Lysozyme, Protein A/G and 

Trastuzumab (Herceptin). 

4.1 Introduction 

Plasmonic based sensors rely on either propagating surface plasmons polaritons 

(SPPs) or localised surface plasmons (LSPs) as the sensing mechanism for 

detection of refractive index changes. SPP-based detection utilises continuous 

surfaces and films whereas LSP methods rely on nanoarchitecture such as 

nanoparticles, nanoholes and nanorods. Both mechanisms have advantages and 

disadvantages related to their specific setups. SPR devices typically have greater 

sensitivities with smaller limits of detection than LSPR sensors due to the limited 

LSPR decay length [1]. However, SPR requires optical coupling setups (as detailed 



Chapter 4 Localised Surface Plasmon Resonance Prototype Sensor 

 

37 

 

in section 2.2.2), whereas the direct coupling to light in LSPR sensors results in 

more simple, compact setups. In addition, LSPR setups allow for more 

customisation, with a tuneable resonance wavelength through varying nanoparticle 

size, shape and material. The use of nanostructured arrays can also change the 

resonant properties, with coupling of plasmonic modes boosting the overall 

response of the system through increased field enhancement between nearby 

nanoparticles [2][3]. 

Plasmonic sensors can be utilised for a variety of applications, including food safety 

in the detection of pathogens such as Staphylococcus Aureus[4] , chemical sensing 

for detection of trinitrotoluene (TNT) [5] and biosensing. A biosensor is a device 

which is used to detect and monitor biological molecules. It consists of three main 

sections: a receptor site, a transducer and a signal processor as shown in figure 4.1. 

 

Figure 4.1: Schematic of Biosensor Elements (adapted from [6]) 

The receptor site is where the biological molecule is recognised, in this research, 

this is achieved through complementary protein binding pairs. A protein is 

immobilised on the sensor surface and used to detect the complementary protein, 
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known as the analyte. Protein binding pairs introduce specificity to the sensor 

surface as only complementary proteins will attach to immobilised protein binding 

sites. Typically, immobilised proteins are antibodies, enzymes or cell receptors for 

specific analyte detection. 

The transducer detects the binding events through measurement of a signal, in this 

research, this is the change in optical properties of the gold nanorod array chip.  

Measuring the light intensity reflected from the surface shows a dip at the LSPR 

wavelength. As the analytes bind to the immobilised proteins on the surface, they 

cause a change in the local refractive index which shifts the resonant dip. This 

signal is then processed through use of a computer and analysed using methods 

detailed in section 4.3.2.2. Plasmonic biosensors are used for a variety of 

investigations including the detection of biomarkers for cancer [7][8] and 

Alzheimer’s disease [9][10]. Typically, gold-based devices are preferred over 

silver, due to the biocompatibility from chemical inertness[11].   

4.1.1 Review of Current Plasmonic Biosensors  

Plasmonic biosensors rely on either SPR or LSPR sensing platforms to detect 

biological molecules. Generally, commercial based devices rely on SPR 

technology, which is often referred to as the “gold standard” [11] due to the 

accuracy, reproducibility and sensitivity of the machines. The most popular SPR 

devices are the Biacore instruments (available from Biacore)[12], achieving 

sensitivities of 10-7 – 10-8 Refractive Index Units (RIU)[13]. The device utilises 

microfluidics to move solutions past a gold chip with a dextran matrix design, 

which acts as a self-assembled monolayer for protein immobilisation as detailed in 

section 4.2.1. While other SPR devices have been commercially available, such as 

the ProteOn from Bio-Rad [14] and OneStep Pioneer [15], none have been as 

successful as the Biacore with typical setup shown in figure 4.2. 
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Figure 4.2: Schematic of Biacore Kretschmann Configuration 

The Biacore devices utilise a Kretschmann configuration (as detailed in chapter 2) 

which does not interfere with the microfluidics system. In addition, optogel is used 

to enhance the contact between gold chip and prism. The microfluidics contain 

multiple micro-channels to flow solutions over the chip, allowing both reference 

and experimental signals to be measured simultaneously. To ensure accurate, 

specific analysis of biological molecules, the surface is functionalised using a 

dextran matrix support for immobilised proteins.  

However, SPR devices are costly, with both machines and the chips expensive to 

purchase. In addition, the device requires significant bench space to house the 

complex optical system and temperature controls (operation temperatures of 

approximately 4-40°C [16]). These devices and the trend towards miniaturisation 

of electronics has led to an increasing number of LSPR devices being tested as 

potentially smaller, cheaper solutions.  

As previously discussed in Chapter 1, various LSPR detection methods can be used. 

Colorimetric assays, as used for the detection of human chorionic gonadotropin 

(HCG) for pregnancy tests [17] are the most commercially used setups due to their 

simple setups, cheap production and ease of use. However, this research focussed 

on the use of LSPR for refractive index-based devices, which detect molecules 

through measurement of a shift in refractive index.  

The creation of a refractive index based LSPR biosensor has not migrated from 

academic to commercial research easily as LSPR devices are considered harder to 

fabricate and less sensitive than SPR. Currently, the only commercial LSPR devices 

are from LambdaGen, founded in 2005[18]. The setups utilise nanostructured, gold 
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film chips where the optical properties are measured through use of their LightPath 

detection system [19]. The nanostructure size and shape can be modified, but the 

films are generally patterned with nanobeads with sizes ranging from 5-1000nm 

[20]. Proteins are then immobilised on the nanobead surface through use of a self-

assembled monolayer as discussed in section 4.2.1. Microfluidics are used to pass 

analyte solutions in a four-channel setup corresponding to different sensing wells 

on the biochip surface as shown in figure 4.3. This allows the device to obtain 

multiple measurements simultaneously, akin to the Biacore. The LightPath optical 

system is simple, where a light source is directed at the wells in the biochip and the 

change in reflected signal is measured.   

 

Figure 4.3: LamdaGen Biosensor Chip [21] 

LamdaGen devices have simple optics and setup, making them both smaller and 

more cost efficient than Biacore while achieving similar robustness and high 

throughput. The biochips can also be utilised for various applications such as 

plasmonic Enzyme-Linked Immunosorbent Assay (ELISA), capable of achieving 

close to single-molecule sensitivity[22]. However, the LightPath setup is 

significantly less sensitive with conflicting information on measurable sensitivities. 

Some sources suggest that concentrations can be measured in the nanomolar 

range[23], however quantifiable evidence cannot be found to validate this claim.  

In literature various nanostructures have been utilised for LSPR sensors. 

Nanoislands [24][25], nanoparticles [26][27], nanoshells [28][29] and nanocubes 

[30][31] have all been fabricated for sensing of various biological materials. 

Nanorods are a popular option because the plasmonic resonance can be tuned 

through varying of the aspect ratio (length/diameter), which may also beneficially 
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affect sensitivity (as discussed in Chapter 6). Nanorods can be used to detect 

biological molecules through various mechanisms including suspension in 

solution[32] or incorporation in setups such as optical fibres [33]. In this research, 

nanorods are utilised in biosensor chips for the detection of proteins in solution. 

Typically, nanorods chips are fabricated through immobilisation of nanorods on the 

surface, typically a silica or glass substrate. As discussed in chapter 3, there are 

various methods for nanorod fabrication which allow rods to be grown in either a 

horizontal array or the novel vertical alignment, as utilised in this research. 

Horizontal based devices have been reported to have sensitivities five times higher 

than other setups using spherical nanoparticles[34][35]. Nanostructured chips 

included in flow cell setups have been reported to have sensitivities of 170nm/RIU 

and limits of detection of approximately 1nM for rabbit immunoglobulin (IgG)[36]. 

Vertically aligned nanorods allow a greater surface area for binding interactions 

and can improve plasmonic coupling between neighbouring rods. However, 

vertical alignment is a novel concept with less publications than the horizontally 

aligned counterparts. Klinghammer and co-workers utilised vertically aligned 

nanorods for the detection of DNA[37]. However, the setup also used direct 

adsorption methods for immobilisation of the DNA probes onto the nanorod surface 

which reduces controllable surface coverage. This may have also affected the 

sensitivity of the flow-cell setup. Another publication uses vertical nanorod arrays 

for a surface-enhanced Raman spectroscopy (SERS) based setup, where the array 

was self-assembled through evaporation. The array was then used to detect 

Rhodamine 6G to low concentrations of 10-11M[38]. Similar to the previous 

publication, the setup used direct adsorption. The use of the vertical array in SERS 

applications is based on the field enhancements which occur in the array and are 

discussed in more detail in chapters 6 and 7. 

4.2 Methods 

The fabricated nanorod array chip, as described in chapter 3, is then functionalised 

through use of surface chemistry, producing a specific, sensitive surface for use in 

the sensor. The surface is first modified through use of a self-assembling monolayer 
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(SAM), before immobilisation of proteins onto the surface through use of 

NHS/EDC chemistry as detailed in section 4.2.4[39]. 

4.2.1 Functionalisation 

Direct adsorption of proteins on to the nanostructured surface is the simplest 

method of functionalising the surface. However, it leads to binding which is not 

specific or controllable. Plain gold will experience non-specific binding of 

molecules to the surface, with an increased difficulty of removal of bound proteins. 

As binding cannot be controlled, bound proteins will attach randomly in various 

orientations, which may prevent active sites being available for binding pair 

interactions. In addition, larger molecules will also displace smaller ones in a 

process known as the Vroman effect [40]. Therefore, an immobilisation method is 

required to improve specificity and control the protein binding on the surface.  

One method is using inorganic or organic material to support protein 

immobilisation through covalent bonding. Inorganic supports are typically silica or 

metal oxide based [41], with organic supports including polysaccharides such as 

the carboxymethylated dextran surface utilised in the Biacore. The dextran matrix 

improved the surface coverage and increased surface area for protein binding. 

Another advantage of the matrix is that the receptor sites on the immobilised 

proteins are accessible due to the flexible nature of the three-dimensional matrix. 

Use of a self-assembled monolayer (SAM) provides another method for creating a 

specific, structured surface for protein immobilisation and was utilised in the 

LambdaGen and within this research. The monolayer was formed through use of 

molecules which self-assemble to produce a two-dimensional (or semi-crystalline 

[42]) layer when they adsorb to the surface. In this research, the SAM was produced 

through use of a mixture of polyethylene glycol thiols, commonly referred to as 

PEG-thiols. PEG-thiols consist of a sulphur head group and a tail of a PEG spacer 

group and a functional group. 

The sulphur head bonds to the gold surface through a strong metal-thiolate bond, 

with bond strength of approximately 44kcal/mol [43]. The tail consists of 

hydrocarbon chains (CH bonds) which interact through Van der Waal forces and 

hydrogen bonding to order themselves and minimise free energy [42]. Protein 
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immobilisation is dependent on the functional group at the end of the tail. Proteins 

will only bind to the long-chain carboxyl PEG-thiols with the hydroxyl PEG-thiols 

acting as hydrophilic spacers to reduce non-specific binding. The monolayer, 

referred to as CARPEG, also utilised the polyethylene glycol spacers within the tail 

to produce a “hydrophilic, non-fouling surface” [44]. 

CARPEG was produced by combining PEG-thiols, Carboxy-EG6-undecanethiol 

(figure 4.4a) and Hydroxy-EG3-undecanethiol (figure 4.4b) using a ratio of 1:10 to 

effectively space out immobilisation sites (carboxyl groups). Gold nanorod chips 

were placed in specialised moulds and 90-100μl of CARPEG was pipetted through 

a hole at the top of the mould, covering the nanorod surface. The CARPEG solution 

was left in the moulds for 48 hours, out of direct sunlight on a rotatest shaker to 

allow for efficient mixing and arranging of the SAM on the surface. The chips were 

then rinsed with ethanol and placed in an ethanol bath for an hour to remove excess 

CARPEG and then refrigerated until required.  

 

Figure 4.4: Structures of a) Carboxyl (from [45]) and b) Hydroxyl  (from [46])PEG-thiols used 

in CARPEG 

4.2.2 Sensitivity Testing 

Before the chips were utilised in protein binding investigations, the inherent 

sensitivity of the surface to changes of refractive index was tested. Figure 4.5 shows 

the setup used to test sensitivity. 
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Figure 4.5: Schematic of Sensitivity Setup 

The nanorod chip was placed in the holder, acting as the fourth wall of a cuvette 

cell with an o-ring seal and clamp preventing leaks of solutions added to the 

cuvette. Solutions were added to the system through a hole at the top of the cuvette 

cell and removed via a hole at the bottom of the cuvette cell by a tube connected to 

a syringe for quick evacuation. Light incident from a white light source (400-

800nm) passed through the sample, where the light was angled to pass through the 

chip at Brewster’s angle, given by equation 4.1: 

θB=arctan (
n2

n1
)                                                                                                 ...4.1 

At this angle all p-polarised light is transmitted, preventing reflections from the 

glass backing of the sample, which would ultimately reduce the light reaching the 

nanorod surface. For the change of air (n=1) to glass slide (n=1.52), θB is 

approximately 56.7°.  The reflected light is collected through an optical fibre 

connected to a spectrograph, where the reflected intensity is measured and 

displayed in real-time through use of a LabView program. The intensity is shown 

as a function of wavelength, showing peak intensity at a specific wavelength 

corresponding to the LSPR. The change in intensity was measured for a solution 

change buffer solution (n=1.33) to ethanol (n=1.36). The buffer solution used was 

either phosphate buffered saline (PBS) or HEPES buffered saline (HBS), common 
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buffer solutions used in biological experiments. The percentage change gives an 

estimate of the sensitivity of the surface to local refractive index changes, indicating 

which chips were suitable for low-level molecular detection.  

During testing, the sensitivity of the chip at wavelengths of 625nm and 650nm was 

of particular interest as these are the operational wavelengths of the sensor setup 

(see section 4.2.3). The two wavelengths corresponded to two setups to allow for 

the variation in nanorod chip resonances, where a 10% or greater change was 

considered a suitable chip for sensing experiments. As the resonant profile varied 

for each chip, the sensitivity between the two wavelengths could be significantly 

different. The maximum percentage change for each wavelength was 29.4% at 

625nm (26.1% at 650nm) and 29.2% at 650nm (26.4% at 625nm). By determining 

which wavelength produced the greatest sensitivity for each chip, the correct setup 

could be used for optimal detection measurements. After testing, chips are then 

stored in the fridge until use in the sensor setup.  

4.2.3 Sensor Setup 

The chip is then placed within the table-top sensor setup (figure 4.6) for both the 

immobilisation and detection of proteins as detailed in section 4.2.4. The setup is 

similar to that used for sensitivity measurements, where a single-wavelength LED 

replaces the white light source. In addition, Arduino controllers[47] and a 

Photodetector are used instead of the optical fibre and spectrograph. The setup was 

changed to allow the user more control over the real-time data, through a custom 

program[44], which plots intensity (%) versus time (s) in a trace known as a 

sensorgram. 
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Figure 4.6: Schematic of Biosensor Showing Nanorod Chip Reflection Setup 

4.2.4 Protein Detection Methods 

Initially, the cell is filled with buffer and the base line recorded. The sensitivity of 

the chip for a change of solution from HBS buffer to ethanol was then measured 

and compared to what was obtained during sensitivity testing. The use of ethanol 

also helped to clean the chip, and to ensure that the surface is free from 

contaminants, the chip is further cleaned through sodium hydroxide washes. 

Alternating solutions of buffer and sodium hydroxide (0.03M) were added and 

evacuated from the cuvette until the baseline remained stable. This occurred when 

the change in baseline level after washes was ~0.1%. The number of washes varied 

depending on the chip and storage conditions used.  

Proteins are immobilised on the surface through activation by N-

hydroxysuccinimide (NHS) and N-ethyl-N’-(3 (dimethylamino) propyl) 

carbodiimide (EDC), commonly referred to as NHS/ EDC chemistry [39]. This 

method is the standard approach for immobilising molecules containing amine 

groups (NH2) to carboxyl surfaces through the creation of a covalent amine bond 

(peptide bond). Figure 4.7 shows the NHS/EDC activation process, with the key 

steps summarised below. The reagents used were kept frozen until required, 

defrosted in batches for each immobilisation process.  
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Figure 4.7: Protein Immobilisation using NHS/EDC Chemistry 

1. Carboxyl groups in the SAM were activated through the formation of reactive 

succinimide esters through use of NHS/EDC. These were reactive to lysine groups 

(NH2
+) on proteins, forming peptide bonds. After defrosting separately, 200μl of 

NHS was added to 200μl of EDC and 300μl of the mixture was added to the cuvette 

cell and left to react for a thirty-minute period.  

2. Proteins were immobilised on the surface through the covalent bonding of the 

primary amine to the ester. The immobilised protein, which is referred to as a ligand 

acts as a probe to detect the target protein, known as the analyte in solution. 

Depending on the analyte-ligand investigation, the protein preparation varied, and 

the process used will be discussed in further detail in section 4.3.2.  

3. Unreacted esters were then blocked through use of reagent, ethanolamine (NH2-

OH) which was added to the cuvette and allowed to react for thirty minutes. 

Figure 4.8 shows a typical sensorgram obtained in real-time for the in-situ 

immobilisation of anti-Lysozyme on a gold chip in the sensor setup. 
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Figure 4.8: Sensorgram of a Typical Real-time, In-situ Protein Immobilisation for Anti-

Lysozyme  

Successful immobilisation of proteins was viewed in the sensorgram as a difference 

in baselines after protein addition to the cuvette cell. Figure 4.8 shows that the 

baseline after the protein curve (blue cross) is higher than that after NHS/EDC 

activation (red cross) so the signal from the sensor surface has been modified due 

to immobilised proteins. While this immobilisation technique produces a stable 

sensing surface, amine coupling doesn’t ensure optimal orientation of the 

immobilised proteins. The orientation of the proteins binding to the carboxyl 

groups was random, therefore, binding sites may not have been accessible (section 

4.3.1.2). However, through use of the 1:10 SAM mixture, the ligands should be 

sufficiently spread out to allow access to available sites for analytes to bind to.  

The nanorod array sensor was then used to detect and measure protein binding 

interactions. Different analyte concentrations were added to the setup and binding 

events between the immobilised ligand and analyte were detected. With increased 

analyte concentrations, an increased percentage change in signal intensity was 

visible. The output sensorgram was then analysed to determine the binding kinetic 

of the reaction, as detailed in section 4.3.2.  



Chapter 4 Localised Surface Plasmon Resonance Prototype Sensor 

 

49 

 

4.3 Protein Binding Interactions 

To ensure that the protein binding interactions are successfully detected by the 

sensor, the surface condition must be optimal for the formation of the binding pair, 

known as a complex. This requires understanding of the complex formation 

mechanism and the factors which might affect it.   

4.3.1 Ligand-Analyte Complex 

The immobilised protein (ligand) will only interact with specific proteins in 

solution (analyte) which fit the ligand receptor sites to form a complex through 

non-covalent binding. The binding between the two proteins can be described 

through use of a simple analogy; considering the ligand receptor sites and binding 

analyte as a hand and glove. The receptor sites recognise the complementary 

analytes and mould to allow the analyte to bind in a process known as induced fit 

[48]. This process allows for some ligands to bind to various analytes, through 

moulding for each interaction. Proteins A and G, from bacteria, Staphylococcus 

Aureus and Streptococci G are common examples of proteins exhibiting induced 

fit. They are able to bind to a large number of proteins from a variety of animal 

sources, specifically a group of antibodies known as immunoglobulins (IgG) [49]. 

4.3.1.1 Factors Affecting Complex Formation 

The formation of complexes and the rate which they bind depends on a number of 

factors including: 

4.3.1.1.1 pH 

The correct pH environment was essential during both immobilisation of ligand 

and detection of analyte. If the pH was incorrect, the proteins would not attach to 

the surface or potentially denature. During the immobilisation process, the pH must 

be below the protein’s isoelectric point (pI) and above pH 3.5 so carboxyl groups 

remain negatively charged. The isoelectric point was defined as the pH at which 

the molecules have no net charge, hence values below this resulted in a net positive 

charge. They were then electrostatically attracted to the negatively charged 
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carboxyl groups. During detection, the pH of the buffer used for baseline, 

dissociation and to dilute analyte solutions was monitored to ensure there was no 

negative effect on the immobilised ligand or analyte. While literature on the ideal 

pH conditions was available from chemical suppliers and publications, further 

investigation of the optimal binding conditions was often required.  This occurred 

with Proteins A and G binding experiments as discussed in section 4.4.2. 

4.3.1.1.2 Temperature 

Too hot or cold of an environment will cause an adverse effect on the integrity of 

the biological molecules and speed of the binding reaction. Typically, all solutions 

should be at room temperature before commencing investigations as the binding 

rate is slower at lower temperatures. As most of the chemicals were batch frozen, 

allowing for the full defrost of solutions was an important step to prevent sub-

optimal immobilisation and binding pair detection. The heat of the sensor setup 

also had to be considered, as electrical devices give off energy waste as heat. 

Although a raised temperature may increase reaction rates, if the solutions became 

too hot, the proteins would denature. Therefore, the setup had to be monitored 

especially during long experiments to ensure that it wasn’t getting too hot. 

4.3.1.1.3 Mass Transport 

The rate at which binding occurs depends on how quickly the analyte molecules 

can diffuse from the bulk solution to interact with the immobilised ligands on the 

sensor surface. At low velocities, the system might become mass-transfer limited 

[50]. This means that molecules were unable to reach the surface quickly enough 

to fill the diffusion layer which is depleting due to binding events.  

4.3.1.1.4 Ligand Orientation 

As mentioned previously, the random orientation of ligand immobilisation through 

covalent coupling may have caused one binding site to be more difficult to attach 

to than the other. This created two rates of reaction as analyte binding occurred 

quicker at the accessible sites and slower on sites close to the surface.  These two 
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rates could have resulted in different binding kinetics, such as a two-phase 

association and dissociation as detailed in the following section. 

4.3.2 Binding Kinetics 

The sensorgram output of the project device shows real-time data as a function of 

percentage change from baseline (due to changing refractive index) against time. 

The binding interactions were then visible in the form of association-dissociation 

curves, which showed the binding kinetics of the interactions between the analyte 

solutions and immobilised ligands. A full description of binding kinetics involved 

can be found elsewhere and is beyond the scope of this thesis [51][52]. However, 

to understand the sensorgram analysis completed, the simplest one-phase model 

will be discussed. 

4.3.2.1 Langmuir Model 

Binding interactions which occurred on the surface of the nanorod chip, were 

viewed as an association-dissociation curve and a typical example is depicted in 

figure 4.9. 

 

Figure 4.9: Sensorgram Showing Typical Association-Dissociation Curve 

The simplest explanation for the observed kinetics is the 1:1 Langmuir model, 

which assumes each binding event only occurs through one ligand and one analyte 

[53]. The analyte is either free in solution or bound to the ligand (association phase), 

for a certain amount of time before unbinding (dissociation phase). Other 

assumptions within the model are that binding is not mass-transport limited and 

that the analyte concentration remains unaffected by binding events. This is 
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because in the model, each binding event is equivalent and independent of other 

binding interactions. The interaction between a ligand A and an analyte, B can then 

be explained through the reversible reaction shown in equation 4.2: 

A+B 

ka

⇌
kd

 AB     …4.2 

The forward reaction shows the formation of the complex, where the analyte binds 

to the ligand, and is called the association phase. The rate at which this binding 

occurs is called the association rate and is given by equation 4.3: 

Rate of Association=[A]×[B]×ka                                                                …4.3 

Where the square brackets indicate the bulk concentration of the analyte solution 

and represent the surface density of the ligands and ka is the association rate 

constant with units, M-1s-1. 

The backward reaction is the breakdown of the complex due to unbinding of the 

ligand-analyte pair called the dissociation phase with dissociation rate, given by 

equation 4.4. 

Rate of Dissociation=[AB]×kd                                                                    …4.4 

Where the square bracket is the surface density of the formed ligand-analyte 

complexes and kd is the dissociation rate with units, s-1. 

Equilibrium is reached when the association and dissociation rates are equal and 

the reaction plateaus. Through combination of equations 4.3 and 4.4, the physical 

meaning of the ratio of rates is determined as the affinity of the complex as shown 

in equations 4.5a and 4.5b respectively. 

[A]×[B]×ka=[AB]×kd                                                                                  …4.5a 

[A][B]

[AB]
=

kd

ka
=KD                                                                                               …4.5b 

Where KD is the equilibrium dissociation constant in molar units (M). It is the initial 

analyte concentration required to bind half the ligand molecules at equilibrium. It 

is also related to the affinity of the binding reaction, which measures the attraction 
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and subsequent binding force associate with ligand-analyte pairs. For a high affinity 

pair, the association phase will be quicker and there will be stronger binding forces 

within the complex, causing slower dissociation times. In this case, the equilibrium 

dissociation constant, KD will be low as it will take a lower concentration of 

analytes to bind to half the ligands.  

4.3.2.2 Sensorgram Analysis 

The rates, ka and kd and equilibrium dissociation constant, KD were determined 

from the sensorgram data through curve-fitting in analysis software, GraphPad 

Prism[54]. Analysis was completed using a method outlined by De Mol and Fischer 

in Handbook of Surface Plasmon Resonance, where a full description can be 

found[55]. For brevity, only the essential equations required to understand the 

method will be discussed.  

The equilibrium dissociation constant, KD (M) was found by analysing association 

curves, where the signal/response at equilibrium, Req was determined for each 

concentration, C. The relationship between the two can be defined by equation 4.6: 

Req=
CBmax

C+KD
                                                                                                     …4.6 

Where Bmax is the maximum number of binding reactions possible at the sensor 

surface. The resultant data was then fitted using a non-linear regression model, one 

site-total[56] which fits the inputs of Req and C to equation 4.6. The model gives 

values for Bmax and KD, which can then be used to determine the associated affinity 

of the binding interaction.  

The dissociation rate constant, kd (s) can be obtained directly from curve-fitting to 

the one-phase dissociation model, given in equation 4.7: 

R=R0e-kdt                                                                                                     …4.7 

With R0 equal to the response at time, t=0. The dissociation rate constant is then 

used within the one-phase association model [57] given in equation 4.8. 

R=Req(1 - e-kobst)                                                                                          …4.8 
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Where kobs is the observed rate of association, R is the response and t is time of the 

sensorgram. Through curve-fitting of the association data for each concentration 

the observed rate, kobs was obtained. This value was then plotted against 

concentration, where the resultant plot gives the linear relationship, as shown in 

equation 4.9: 

kobs=kaC + kd                                                                                               …4.9 

Where the gradient of the plot gives the association constant, ka and the y-intercept 

gives the dissociation constant, kd. 

Although the simple 1:1 model is easy to both understand and implement it does 

have its limitations due to the assumptions used by the model. The biggest 

discrepancies are that the model does not consider finite binding sites, the effect of 

non-specific binding on the sensor surface or multiple rates of reaction. Rates could 

change due to mass-transport limitation and a reduction of available binding sites 

as binding interactions occur. Additionally, sub-optimal ligand orientation during 

immobilisation could cause two different rates of reaction for analytes as binding 

sites are not as equally accessible. Therefore, the association phase model would 

need to be modified to represent two-phases, resulting in equation 4.10: 

R=Req1(1 - e-kobs1t) + Req2(1 - e-kobs2t)                                                         …4.10 

Where Req1 and Req2 are the responses of the two phases at equilibrium respectively, 

and kobs1 and kobs2 are the observed rates of the two phases respectively. The 

corresponding equation for two-phase dissociation is given by equation 4.11. 

R=R01e-kd1t + R02e-kd2t                                                                                 …4.11  

Where R01 and R02 are the responses for the two phases respectively and kd1 and 

kd2 are the dissociation rates for the two phases respectively. 

In this work, experimental data was analysed by finding KD and the association and 

dissociation rates separately. Firstly, the response at equilibrium, Req where the 

association curve flattens, was determined for each concentration, C. These values 

were then used within GraphPad to find values for Bmax and KD using the one-site 

total fit which utilises equation 4.6. The association and dissociation rates were 
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calculated by finding the observed rate, kobs. Association curves for each 

concentration were input into GraphPad software which utilised equation 4.8 to 

determine kobs for each. By plotting kobs versus concentration, the relationship given 

in equation 4.9 could be used to find both association and dissociation rates with a 

linear line of best fit. The calculated rates, ka and kd were also used within equation 

4.5b to find KD, which was then compared to the previously obtained value. 

4.4 Protein Binding Pair Investigations 

4.4.1 Lysozyme Detection with Anti-Lysozyme 

Lysozyme is an enzyme associated with the immune system, protecting the body 

from infections by attacking peptidoglycan within the cell walls of bacteria, causing 

them to burst. It is expressed by mucous membranes in humans, so is found in the 

nasal cavity as well as in tears and saliva.  In this research, the lysozyme was 

obtained from chicken egg whites, which is a typical source for the protein. To 

detect the Lysozyme, a corresponding antibody known as anti-Lysozyme was used.   

Immobilisation of the anti-Lysozyme followed the immobilisation protocol 

detailed in this chapter. As the anti-Lysozyme was strongly basic, a dilution buffer 

of sodium acetate (pH=4) was used to counteract it and prevent the pH from being 

too basic for successful binding of the Lysozyme in HBS buffer (pH=7.4). A typical 

anti-Lyzoyme immobilisation can be viewed in figure 4.8, where a baseline change 

of 2% or more correlated with a successful immobilisation. 

After immobilisation, the surface was used to detect various Lysozyme 

concentrations in HBS solution. Initially, 50µM concentrations were used however 

it became clear that this was too high and causing saturation of the association-

dissociation curves. This meant that no binding kinetics data could be extracted as 

binding was instantaneous, resulting in an inaccurate association rate, ka. As the 

sensitivity of the prototype device was not known, the concentrations had to be 

lowered until the binding curve was no longer saturated. Therefore, investigations 

began from 16µM. As concentrations ranged from high to low, significant washing 

of the chip was required to ensure that the baseline returned to 0 between 
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concentrations. This was to minimise the reduction of available binding sites for 

each investigation. Figure 4.10 shows a Lysozyme investigation with 

concentrations ranging from 16µM to 0.03µM (32.5nM). Most washing stages have 

been removed from the sensorgram, apart from the first wash between 16 and 8µM 

to show how the baseline had not initially returned to zero after the reaction. 

 

Figure 4.10: Lysozyme Investigations Showing Association-Dissociation Curves for 

Concentrations of 16-0.03µM 

The lowest concentration that produced a visible curve was 32.5nM, which is 

viewed as the last plot in figure 4.10. Below this concentration, the binding curve 

was not clear, with the change indistinguishable from the typical signal from 

changing solutions. The association-dissociation data was analysed to determine 

the rates of association and dissociation and the dissociation constant of the reaction 

(affinity). Published values for the rates and dissociation constant could not be 

found for the anti-Lysozyme used in this research, but the experimental results were 

compared to those in literature for similar anti-Lysozyme molecules. Table 4.1 

shows the comparison between theoretical and experimental values of ka, kd and 

KD. 

 Association Rate, 

ka (M
-1s-1) 

Dissociation Rate, 

kd (s
-1) 

Equilibrium 

Dissociation 

Constant, KD (M) 

Published 

[58][59] 
105 10-2-10-4 10-7-10-9 

Experimental 0.516x105 0.854x10-2 2.84x10-7 
Table 4.1: Comparison of Published Data to Experimental Results for Lysozyme-Anti-

Lysozyme Binding Interactions 
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From equation 4.5b, the ratio of kd/ka should be equal to KD, the ratio gives a 

dissociation constant of 1.63x10-7M, which is comparable to the KD value obtained 

from experimental analysis. This is despite the limited dataset, where only 

concentrations of 1µM to 125nM were used as data from greater concentrations 

caused anomalous results and lower concentration data resulted in ambiguous fits. 

At higher concentrations, binding curves were saturated so measured binding 

kinetics were not reflective of the typical interaction. At lower concentrations, 

background noise and non-specific binding could have also reduced the accuracy 

of measured binding kinetics. Despite the associated errors, the values obtained 

from experimental data are within the range quoted in literature. Based on the 

results obtained, the anti-Lysozyme used in this work is most comparable to the 

kinetics data of Y52A mutant detailed by Kaya and contributors [58]. 

4.4.2 Trastuzumab Detection using HER-2 

The human epidermal growth factor (HER-2) is expressed by several human 

cancers, including an aggressive form of breast cancer [60]. Clinically approved 

antibodies, Pertuzumab and Trastuzumab (brand name: Herceptin) are used to 

target HER-2, for the detection of associated cancers. They are also used in the 

treatment of malignant cells, where they bind to HER-2 receptors and prevent the 

receiving of growth signals, which can slow or prevent further growth of tumours. 

The binding kinetics between the HER-2 and Trastuzumab were investigated to 

determine the efficacy of the antibody in immune targeted therapy. Both HER-2 

and Trastuzumab (Herceptin) were donated and tested by Professor Chris Scott’s 

research group (School of Pharmacy) using the gold nanorod sensor. Figure 4.11 

shows the detection of varying concentrations of Trastuzumab ranging from 0.5-

500µg/m (3.44-3435.68nM) 
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Figure 4.11:Trastuzumab Investigations Showing Association-Dissociation Curves for 

Concentrations of 3.44-3435.68nM 

The tested concentrations ranged from 3435.68nM (500µg/mL) to the lowest 

concentration detected,3.44nM (0.5µg/mL).  Similar to the Lysozyme 

investigations, initial concentrations tested were unsuitable for kinetics analysis. In 

addition, while clear association curves are visible for concentrations below 68nM, 

dissociation curves were only apparent for concentrations of 3 and 7nM, providing 

a limited data set for analysis. Table 4.2 shows the comparison between 

experimental kinetics data and values quoted in literature. 

 Association Rate, 

ka (M
-1s-1) 

Dissociation Rate, 

kd (s
-1) 

Equilibrium 

Dissociation 

Constant, KD (M) 

Published 

[61][62] 
71.0x104 3.50x10-4 5.00x10-9 

Experimental -95.5x104 0.728x10-3 5.04x10-9 

Table 4.2 Comparison of Published Data to Experimental Results for Trastuzumb-HER-2 

Binding Interactions 

The dissociation rate is an order of magnitude greater than what was expected and 

while the magnitude of the association rate measured is comparable, the gradient 

of kobs vs C was negative. As previously mentioned, these issues are due to the 

reduced data points available for kinetics data analysis. While the ratio of kd/ka is 

not equal to the expected dissociation constant, the experimental value is 

comparable to the value quoted in literature.  
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4.4.3 Immunoglobulin Detection with Proteins A and G 

As mentioned previously, Proteins A and G, are harvested from bacteria, 

Staphylococcus Aureus and Streptococci G respectively. They were immobilised 

on the surface for the detection of rabbit Immunoglobulins (IgG) in solution. 

Immunoglobulins are glycoproteins which play a significant role in the immune 

response of the body, detecting and fighting antigens in the body such as those from 

which proteins A and G come from. The binding interactions between the proteins 

have often be used as a standard testing pair and were hence utilised in this research.  

 As Proteins A and G are widely used, there was a lot of literature available about 

the best methods for immobilisation and the required pH of solutions used. Due to 

their isoelectric points of approximately 4.5, sodium hydroxide could not be used 

for cleaning washes as the basic nature of the solution would denature the proteins. 

Therefore, glycine-HCl buffer, with a pH of 3 was used instead for washes after 

immobilisation of the proteins and between the various IgG concentrations. A 

buffer consisting of acetic acid and sodium acetate, with pH of 3.5 was used to 

dilute A and G during immobilisation. There were significant issues with the 

immobilisation process for Proteins A and G, with limited surfaces showing 

successful immobilisation and subsequent binding to IgG solutions. Initially, an 

investigation into whether the pH of the buffer was correct was completed but did 

not change the success of IgG binding. The underlying cause of these issues was 

never solved due to time constraints, which limited the number of successful IgG 

detections. However, possible causes were that there were issues with the shelf-life 

of NHS/EDC used or that the isoelectric point (pI) of the proteins and buffers used 

were not correct for immobilisation on the self-assembled monolayer.  Figures 4.12 

and 4.13 show sensorgrams for Protein A and G immobilised surfaces detecting 

IgG concentrations of 2-0.5µM and 2-0.125µM respectively. 
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Figure 4.12: IgG Investigations Showing Association-Dissociation Curves for Concentrations 

of 2-0.5µM using Protein A 
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Figure 4.13: IgG Investigations Showing Association-Dissociation Curves for Concentrations 

of 2-0.125µM using Protein G 

The issues with immobilisation meant that only a small set of concentrations could 

be tested for both proteins as lower concentrations could not be detected. This 

meant there weren’t enough data points for determining the equilibrium 

dissociation constant, KD of the binding reactions using the outlined method. Using 

the available association and dissociation curves, the rates were determined and KD 

calculated using equation 4.5b. with the results shown in table 4.3 below. 

 Association Rate, 

ka (M
-1s-1) 

Dissociation Rate, 

kd (s
-1) 

Equilibrium 

Dissociation 

Constant, KD (M) 

Published Protein 

A [63]–[65] 
8.02x103 2.77x10-4 5.00x10-9-3.50x10-8 

Protein A 16.0x103 11.6x10-3 7.28x10-7 

Published Protein 

G [63]–[66] 
3.29x104 0.29x10-3 

1.50x10-10- 

1.09x10-8 

Protein G -16.0x104 5.80x10-3 3.63x10-8 
Table 4.3 Experimental Results for Protein A and Protein G Binding Interactions with IgG  
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There was not a specific value for dissociation constants quoted in literature, 

therefore a range of values was used for comparison to experimental results. For 

protein A, the association rate is comparable to values from other literature and the 

calculated dissociation rate is an order of magnitude greater than the expected 

value. This results in the calculated dissociation constant being an order of 

magnitude greater than what was expected from literature. This discrepancy is 

likely due to the limited data used for analysis. The magnitude of the association 

for protein G is comparable to the published value, however the sign of the 

association rate is changed likely due to errors associated with the small data range. 

Both the dissociation rate and dissociation constant are in good agreement with 

values quoted in literature. 

4.4.4  Protein Investigation Issues 

There were several issues which arose during the protein investigations which 

affected the accuracy of the binding kinetics analysis and measuring the sensitivity 

of the prototype. 

The most significant issue was the reduced data points, typically due to higher 

concentrations resulting in saturated curves. As the sensitivity of the device was 

unknown for all protein-binding pair investigations, all experiments began with a 

high concentration to ensure that it was detected. Moving from high to low 

concentrations was not ideal as it meant that many of the curves were saturated and 

would give misleading kinetic constants. The only exception to this was Herceptin 

investigations, where previous investigations completed immediately after 

immobilisation showed that the surface was able to detect low levels of HER-2. 

However, the step size for increasing concentrations used was too high so resultant 

curves were saturated. 

Another issue was that investigations were not replicated, which would increase 

confidence in the binding kinetics calculated and allow for lower concentration 

ranges to be investigated. This was mainly due to degradation of immobilised 

proteins on chips which reduced sensitivities and also produced significant 

variations in what could be detected from chip to chip. This resulted in a wide range 

of responses during all trials, with the best results shown and analysed in this 
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chapter. Additionally, issues with fabrication reduced the amount of chips which 

could be functionalised for protein binding investigations. 

4.5 Conclusion 

In this chapter, the fabricated gold nanorod chips were used as the sensing 

mechanism of a LSPR biosensor. Through the immobilisation and detection 

methods outlined, the binding kinetics of high-affinity protein binding pairs were 

investigated. The initial results are promising, showing that the system is capable 

of monitoring the binding events; detecting that they occur and also giving real-

time kinetics data.  Through use of the simple 1:1 analysis model, experimental 

kinetic rates and constants were calculated and were typically in good agreement 

with what was expected from literature. Given that all protein binding pairs were 

both detected and monitored successfully, the work successfully aligns with the 

first objective detailed in chapter 1. However, it only partly meets the required 

criteria as the sensitivity of the device was not fully evaluated.  

Immobilised anti-Lysozyme was able to detect Lysozyme concentrations ranging 

from 16µM down to 32.5nM. The experimental association rate, 0.52 x105 M-1s-1 

and dissociation rate, 0.85x10-2s-1 were in good agreement with quoted values of 

105 M-1s-1 and 10-2-10-4s-1 respectively. The calculated dissociation rate of 2.84x10-

7M was also comparable to the published range of 10-7-10-9M.  

Trastuzumab, with generally referred to by its brand name Herceptin, was used to 

detect HER-2 concentrations of 3.44nM to 3.44µM. The experimental association 

and dissociation rates of -95.5x104 M-1s-1 and 0.728x10-4s-1 were of comparable 

magnitude to quoted values of 71.0x104M-1s-1 and 3.50x10-4s-1 with the notable 

exception of the different sign for association rate. This was likely due to the 

reduced data set and would be improved with repeat of the investigation and more 

lower concentrations within the tested range. Despite limitations of the data set and 

analysis model, the experimental dissociation constant of 5.04x10-9M reflected the 

published value of 5x10-9M.  

Finally, immobilised proteins A and G were used to detect rabbit Immunoglobulins 

(IgG) in solution of concentrations 2-0.5 µM and 2-0.125µM respectively. The 
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limited range of concentrations affected analysis and accuracy of the calculated 

rates and constants. For protein A, the experimental association rate of 16x103M-

1s-1 was comparable to the quoted value of 8.02x103M-1s-1 and the dissociation rate 

of 11.64x10-3 was out by an order of magnitude from the published, 2.77x10-4s-1. 

This difference in magnitude resulted in a difference in magnitude between the 

calculated dissociation constant, 7.28x10-7M and range found in literature of 5x10-

9-3.50x10-8M. This difference was likely due to the reduced data set used. For 

protein G, the experimental association and dissociation rates, -16x104M-1s-1 and 

5.80x10-3s-1 were of similar magnitude to the published values of 3.29x104M-1s-1 

and 0.29x10-3s-1 however there was a different sign for the association rate. The 

discrepancy is likely due to the limited data used. The calculated dissociation 

constant, 3.66x10-8M was comparable to the range of values from literature, 1.5x10-

10-1.09x10-8M. 

For all protein investigations, errors arose due to reduced datasets which occurred 

due to too high concentrations being used and most curves being saturated. 

Additionally, the use of the simple 1:1 analysis model, may not have been the most 

accurate method to evaluate the interactions. Despite this, it is clear that the LSPR 

setup may be suitable for diagnostic applications after additional testing, as it has 

been shown to be functional in addition to small, easy-to use and cost-effective. 

The literature review completed in this chapter (section 4.1.1) also shows that there 

are no other devices available which combine both a novel nanorod chip and 

surface chemistry methods such as the hydroxyl spacer configuration. 

Issues with the stability of the test chips prevented repeated investigations to 

improve accuracy of kinetics analysis and fabrication issues prevented further chips 

being used to repeat experiments. The issues with the experimental setup drove 

work towards theoretical modelling of the nanorod array chip to investigate the 

optical properties of the surface and determine the optimal setup as detailed in the 

following chapters. 
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Chapter 5                                  

Computational Modelling of the Gold 

Nanorod Array Surface 

This chapter reviews popular modelling techniques for plasmonic systems, 

including theoretical, analytical and numerical methods. The development of the 

model used in this research is discussed, showing the progression from isolated 

nanoparticle models to the final nanorod array surface. In addition, the effect of 

approximations and restrictions of the system are also considered.  The validity of 

the final model is also examined, through comparison of simulated data to other 

model outputs and previously attained experimental results.  

5.1 Aims of Model  

The fabrication process detailed in Chapter 3 allows for modification of surface 

parameters such as nanorod geometry and array spacing. Varying the parameters 

changes the optical properties of the surface, as electromagnetic interactions and 

nanorod coupling modes vary.  As a result, the measured plasmonic response 

changes; with different resonance positions and magnitudes.  

To experimentally investigate the effect of surface parameters would be both 

resource and time expensive. Parameter investigations are also limited by what can 

be successfully fabricated. Modelling of the system provides a method of 

investigating surface parameters efficiently, as model parameters can be changed 

easier than fabricating new surfaces. It also allows for extreme setups to be 

investigated, which would be impossible to recreate experimentally. 
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The aims of the model are: 

1. Improve understanding of the underlying physics and electromagnetic 

interactions that occur on the nanorod array surface. 

The model can be used to simulate ideal or simplified setups such as a nanorod in 

space, which would be impossible to study experimentally. It can also be used to 

simulate extreme surface geometries, for example, high aspect ratio nanorods. 

These simplified and extreme cases can then be used to probe the optical and 

plasmonic behaviour of the system. 

2. Benefit surface applications by determining optimal setup. 

Surface parameter investigations show how the various setups perform under ideal 

conditions. These results can be used to tune fabrication and obtain optimal surface 

properties for specific applications. For LSPR sensing, the typical resonance peak 

shift which occurs for refractive index changes between water and ethanol is found. 

The largest shifts are expected to correspond to setups with maximum sensitivity. 

For plasmon-enhanced fluorescence (PEF) applications, the expected position and 

strength of hot-spots on the surface at fluorescent wavelengths are discovered. This 

data can then be used to predict which setup will achieve maximum PEF signal. 

5.2 Nanostructure Modelling Methods  

To achieve the models aims, the modelling technique must be able to accurately 

predict the optical behaviour of the modelled setups. Models are typically described 

as either theoretical, analytical or numerical based methods. Theoretical models 

can be used to provide accurate solutions for specific systems, however when the 

setup varies from this ideal, the model breaks down. Analytical methods develop 

equations to explain the behaviour of the system, often through use of 

approximations. Numerical methods are often considered less sophisticated, 

utilising “brute-force” and increased computation power to model systems. 

However, they are capable of obtaining solutions for more complex setups, 

simulating more real-world plasmonic applications. In this section, the most 
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popular methods for plasmonic modelling are reviewed, with the associated 

advantages and disadvantages for each discussed. 

5.2.1 Mie Theory  

Mie theory, as detailed in Chapter 2, provides a mechanism of determining the 

absorption and scattering behaviour of spherical nanoparticles in an isotropic, 

uniform environment [1][2]. Expansions of the theory have also been used to 

provide approximate solutions for other simple geometries such as infinite 

cylinders and ellipsoids [3][4]. In this work, the theoretical Mie scattering from 

nanospheres was determined using MiePlot v4.6 software[5]. The program utilises 

the BHMIE algorithm[6] to determine the Mie scattering profile. Scattering from 

ellipsoids was also calculated using the Mie-Gans approximation outlined in 

Chapter 2.  

The main limitation of Mie theory-based models is the inability to accurately model 

the resonant behaviour of many fabricated structures, including nanorods, holes and 

domes. In addition, Mie theory calculations do not consider the density of the 

nanostructures and can only model isolated structures in homogeneous media. 

However, as Mie theory can accurately determine the optical behaviour of simple 

specific systems, it was used as a validation method for the models utilised in this 

research (see section 5.3). 

5.2.2 Discrete Dipole Approximation  

The discrete dipole approximation (DDA), which is also referred to as the coupled 

dipole method, determines the absorption and scattering of electromagnetic waves 

from arbitrarily shaped particles. It describes particles as point dipole arrays on a 

cubic lattice and was initially proposed by Purcell and Pennypacker to describe the 

scattering of light from interstellar dust grains [7][8]. Interactions between the 

dipoles array and the local electromagnetic field yields dipole moments which can 

be used to determine the scattering properties of the particle [9][10].  

There are a variety of free-source software programs available to compute DDA 

for different setups, the most popular being DDSCAT created by Draine and Flatau 

[9]. In this work, nanoDDSCAT+, an online version of the DDSCAT program [11], 
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was utilised. The tool can be used to model different nanorod shapes such as 

nanospheres, rectangular prisms, ellipsoids and cylinders in homogenous media for 

comparison to Mie-Gans approximations.  

DDA simulations are most accurate when the number of specified dipoles are 

significantly smaller than the wavelength of incident light [8]. It is suggested that 

for accurate discretisation of a setup, ten dipoles per wavelength of light in medium 

should be used [9]. However, increasing dipole number increases the computation 

time and power required, especially for arrays or complex nanostructure shapes. In 

this work, a single dipole per nanometre approach was used. Additionally, 

nanostructure geometries which cannot be exactly approximated by a cubic lattice 

e.g. complex structures or spherical-based shapes have solutions with greater 

associated errors [10][12].  

5.2.3 Effective Medium Approximation 

To model the nanorod array in DDA would demand significant computation time 

and power due to the large number of dipoles required to model the setup. Instead, 

the nanorod array was simulated through use of the effective medium 

approximation (EMA). In this method, the light scattering properties can be 

determined through approximation of the nanoparticle array as homogenous 

inclusions in a host matrix. The setup can then be modelled as an effective medium, 

resulting from a combination of both the inclusions and surrounding host matrix. 

The effective dielectric constant of the medium is determined through use of a 

mixing formula, with the two most popular methods being the Bruggeman formula 

[13] or Maxwell-Garnett formula however both methods have their limitations. The 

Maxwell-Garnett approach cannot be applied for large fractions of inclusions i.e. 

where inclusions make up 50% of the volume and the Bruggeman formula does not 

consider the geometry of the inclusion[14][15]. As the fraction of nanorod 

inclusions compared to surrounding media remained small, the Maxwell-Garnett 

equation was used to determine the effective dielectric constant of the nanorod 

array based medium. 
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5.2.3.1 Derivation of Maxwell-Garnett Equation 

The Maxwell-Garnett equation can be derived by considering the Lorentz spherical 

cavity approach [14][15]. The local field experienced by a molecule in a medium 

is different than the externally applied electric field due to the polarisation of 

surrounding molecules. To determine the local field, a given molecule is defined as 

being surrounded by a spherical cavity, considered to be microscopically large but 

macroscopically small as depicted in figure 5.1.   

 

Figure 5.1: Schematic of Lorentz Cavity approach where a Spherical Cavity Encloses a 

Molecule Polarised by an Applied Electric Field where E0 is the applied field and P is the 

polarisation 

Outside of the sphere, the surrounding dielectric can then be explained through a 

combination of macroscopic and microscopic bound charges given by equation 5.1: 

Eloc=E0+Ed+Es+Enear                               …5.1 

Where Eloc is the local electric field, E0 is the applied field, Ed is the depolarising 

field due to dielectric polarisation, ES is the field due to charges on the surface of 

the cavity and Enear is from contributions of nearby molecules. Ed can be expressed 

in terms of the charge density at the cavity surface as in equation 5.2: 

Ed=-4πP    …5.2 

Where P is the polarisation.  
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If the spherical cavity is considered to be a vacuum, the normal component of the 

displacement field, D continuous across the dielectric-vacuum boundary is given 

by equation 5.3: 

D=E0=E+4πP   …5.3 

Where E is the macroscopic electric field.  

Substitution of equations 5.2 and 5.3 into 5.1 yields equation 5.4: 

Eloc=E+Es+Enear              …5.4 

It can be shown that for isotropic materials, such as a cubic lattice, Enear=0 [16]. In 

addition, ES can be defined as equation 5.5 [18]: 

ES =
P

3𝜀0
  …5.5 

Therefore, equation 5.4 becomes the Lorentz local field relation, given in equation 

5.6:  

Eloc = E +
P

3𝜀0
        …5.6 

The polarisation vector, P can be defined as the sum of induced dipoles, pind, which 

can be expressed in terms of the local electric field and polarizability, α, to give 

equation 5.7:  

P=Np
ind

= Nα(Eloc)                  …5.7 

In addition, the relationship between polarisation, P and electric displacement, D 

can be used to express polarisation in terms of relative permittivity[19], as shown 

in equation 5.8: 

P=D-ε0E=ε0E(εr-1)   …5.8 

Equations 5.7 and 5.8 can be combined to produce equation 5.9, known as the 

Claussius-Mossotti relation: 

εr-1

εr+2
=

Nα

3ε0
   …5.9 
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This relation describes the relative permittivity of a dielectric with spherical 

cavities to the polarizability of such cavities. When the cavity is not a vacuum as 

detailed in the derivation, the equation becomes the more general equation 5.10: 

ε-εm

ε+2εm
=

Nα

3ε0
                                 …5.10 

Where ε is the dielectric constant of the spherical cavity and εm is the dielectric 

constant of the surrounding media. This is the basis for the Maxwell Garnett 

equation, which relates the relation to the polarizability of the inclusions in the 

surrounding media.  

For spherical inclusions, the relation becomes equation 5.11: 

εeff-εm

(εeff+2εm)
=f

ε-εm

(ε+2εm)
  …5.11 

Where f is the volume fraction of the spherical inclusions. This is often referred to 

as the Maxwell-Garnett equation, but actually takes the form of the theoretical 

Rayleigh mixing formula [20]. Maxwell-Garnett mixing formula is a version of 

equation 5.11, which explicitly defines the effective permittivity of a medium as a 

function of the host and inclusion permittivities, given in equation 5.12: 

εeff = εm + 3fεm
ε−εm

ε+2εm−f(ε−εm)
 …5.12 

For ellipsoidal inclusions, it is necessary to replace the Lorentz sphere with an 

ellipsoid to prevent inaccuracy as the volume fraction, f approaches 1. Considering 

the polarizability along different axes of the ellipsoid modifies equation 5.11 to 

equation 5.13: 

εeff−εm

εm+Lφ(εeff−εm)
= f

ε−εm

εm+3Lφ(ε−εm)
          …5.13 

Where Lφ is the polarizability geometric factor as detailed in Chapter 2. The 

nanorod array was modelled as aligned ellipsoid inclusions representing the vertical 

nanorods within an isotropic media to approximate the nanorods’ surroundings. 

The resultant effective media was anisotropic due to the axis dependent 

permittivities of the ellipsoid from the geometric factors. For aligned ellipsoidal 



Chapter 5 Computational Modelling of the Gold Nanorod Array Surface 

 

79 

 

inclusions, the Maxwell-Garnett mixing formula can be written as equation 5.14 

[20]: 

εeff,z=εm+fεm
ε-εm

εm+(1-f)Lz(ε-εm)
  …5.14 

Where Lz is the polarizability geometric factor along the z axis. The effective 

permittivity in x and y directions is found through substitution of Lz for Lx and Ly 

respectively. The effective media can then be approximated as a uniaxial, 

anisotropic thin film, where light propagates differently dependent on the 

orientation from the optic axis. The polarisation and incident angle of the incoming 

light affects the permittivity experienced by the propagating wave. S-polarised light 

(TE) is polarised perpendicular to the optic axis, with electric field components in 

plane of the film. Hence, s-polarised light views the material as isotropic with 

effective permittivity given by equation 5.15: 

εTE=εeff,x=εeff,y  …5.15 

P-polarised light (TM) propagating in the media is split into two waves, ordinary 

and extraordinary. Ordinary waves, with polarisation perpendicular to the optic axis 

experience the isotropic effective media (equation 5.15). Extraordinary waves, with 

polarisation parallel to the optic axis experience a direction dependent refractive 

index, ne. Assuming that the permeability of the effective media is 1, the direction 

dependent effective permittivity is given by equation 5.16: 

εTM=ne
2=εeff,x,y+εincsin

2
θi (1-

εeff,x,y

εeff,z
)  …5.16 

Where 𝜃𝑖 is the incident angle between a medium with permittivity, 𝜀𝑖𝑛𝑐 and the 

effective media approximated as a thin film. The effective refractive index can then 

be utilised to determine the interactions of incident light with the medium.  Fresnel 

equations provide information on how light interacts with the surface boundaries 

but does not describe wavevector propagation within the layer. In addition, it does 

not consider the medium dimensions and becomes complicated when considering 

the overall setup i.e. nanorod medium on top of underlayer on a glass substrate.  

To determine the reflection and transmission data for light passing through the 

nanorod array setup, a modified version of the Transfer Matrix Method (TMM) was 
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utilised. The TMM setup used to model the effective medium is described in 

Appendix A, where the nanorod surface is approximated as a 1D semi-infinite 

multilayer stack as shown in figure 5.2.  

 

Figure 5.2: TMM Multilayer Structure for Gold Nanorod Array Chip Where Layer 1 is the 

Effective Medium, 2 is the Gold Underlayer and 3 is the Glass Substrate 

The gap media on either side of the structure represent the local environment and 

bottom of glass slide respectively. The model accounts for the thickness of the 

layers and calculates the wave propagation through each layer as a matrix. A final 

global matrix links the multilayer stack to the gap media and is used to determine 

reflection and transmission from the sample. Therefore, the simulated results can 

be directly compared to optical data obtained from experimental spectroscopy 

results or other simulations. 

The benefit of the effective medium approximation is its simplicity and the ability 

to model any nanoparticles that are interacting. Nanoparticles that are either weakly 

interacting i.e. separated by a great distance or within an array can be approximated 

through varying the volume fraction of inclusions used in the medium. The model 

fails to take into consideration the composition of the material and the distribution 

of inclusions, such as the periodicity type. In addition, the nanorods can only be 

approximated as ellipsoidal inclusions as there is no theoretical solution for the 

nanorod shape. Therefore, optical properties associated with different nanorod 

shapes (see section 5.4.1.3) and the connection between underlayer and nanorod 

base was not accounted for. Finally, the model does not allow for investigation of 

interacting fields within and surrounding the array, so cannot be used for hot-spot 

analysis. 



Chapter 5 Computational Modelling of the Gold Nanorod Array Surface 

 

81 

 

5.2.4 Finite Element Method  

Finite element method (FEM) is a numerical modelling technique which simulates 

the physical behaviour of a system through discretization[21]. The model solves 

simple equations for finite elements in a mesh, where mesh size can be optimised 

for increased accuracy. Typically, FEM utilises triangular or tetrahedral shaped 

elements, which can be modified to suit the media being simulated. Other 

numerical methods such as finite domain time difference (FDTD) and boundary 

element method (BEM) use similar mechanisms for modelling complex systems. 

FDTD uses square elements within a mesh whereas BEM utilises adaptive meshing 

at the boundaries of the system [22].  For all methods, mesh size greatly effects the 

accuracy of the model, especially around boundaries where smaller elements 

improve simulation as discussed in section 5.4.3. 

In this research, commercially available FEM software, COMSOL Multiphysics 

5.4 [23] was used to simulate the nanostructure systems. The benefit of FEM over 

the previously described methods is the ability to model any system. They will 

often break down for complex setups, particularly non-spherical and coupled 

systems such as the nanostructured surface leading to inaccurate results. However, 

as complexity of the model increases, the computational time and power required 

also significantly increases. In addition, decreasing mesh size also considerably 

increases computation time and memory required with some models taking over a 

day to complete. Therefore, it is necessary to implement specific conditions and 

constraints within the model to reach a suitable compromise between accuracy and 

computation time. These include simplifying setups or use of varying mesh sizes 

in different media as detailed in section 5.4. 

5.3 COMSOL Model Methodology and Validation 

In this section, the FEM model setups are detailed. All models were created using 

“Electromagnetic Waves, Frequency Domain” interface within the Wave Optics 

module [24]. Initially, isolated nanoparticles in homogeneous media were 

modelled. The model then progressed to simulating nanostructures on surfaces with 

the inclusion of boundary conditions to simulate the nanorod array. For each setup, 
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the simulated data was compared to other modelling techniques and where possible, 

experimental data to determine the accuracy of the results and validate the model. 

5.3.1 Isolated Nanospheres  

Simulation of an isolated gold nanosphere in homogeneous media allows for direct 

comparison to what is expected from Mie Theory. A COMSOL tutorial, “Optical 

Scattering Off a Gold Nanosphere”[25] was used as the basis for building the 

model. The model consists of a nanosphere enclosed within two shells, representing 

the homogeneous media and surrounding perfectly matched layer (PML). The PML 

absorbs the light scattered from the nanosphere surface at the boundary of the 

media, preventing unwanted reflection and backscattering data.  

By utilising symmetry planes, the model can be reduced to a quarter of the setup, 

reducing computation time and power required. This was achieved through use of 

blocks to section the nanosphere and shells and the Intersection transformation 

under the Booleans and Partitions tab. The final model is shown in figure 5.3 

below. 

 

Figure 5.3: Cross-section of COMSOL Model Setup of Isolated Gold Nanosphere Model in 

XY Plane  

The model was solved for a scattered field from the gold nanosphere for a given 

background field. In this case, the background field, Eb defined only in the z 

direction, with x and y components equal to zero, as shown in equation 5.17:  
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Eb (z)= exp(-i*ewfd.k0*nMed*x) [V/m] …5.17 

Where ewfd.k0 is the wavevector of light in free space and nMed is the refractive 

index of the surrounding media. The model was run for both air and water with 

refractive indices of 1 and 1.33 respectively. 

The optical behaviour of the nanosphere was determined through calculation of the 

absorption, scattering and extinction cross-sections. Incident light that hits the 

nanosphere can be either absorbed or scattered.  When the light it absorbed, the 

energy is converted into resistive heating (Joule heating) and the absorption cross 

section can be measured by determining these resistive losses. Light scattered by 

the nanosphere spreads in all directions with different amplitudes associated with 

wavevectors. The scattering cross section is a measure of the power flowing in all 

directions compared to the initial power from incoming light. Finally, the extinction 

cross section was calculated as the sum of absorption and extinction cross sections, 

measured per area, with units of m-2. Table 5.1 shows the expressions used to 

calculate the cross-sections within COMSOL, as detailed in the COMSOL 

“Scatterer on Substrate” tutorial [26]. 

Expression COMSOL Equation Units 

Absorption 

Cross Section 

int_vol(ewfd.Qh)/I0 m-2 

Relative Normal 

Poynting Flux 

nrelPoav= nx*ewfd.relPoavx + ny*ewfd.relPoavy + 

nz*ewfd.relPoavz 

W/m3 

Scattering Cross 

Section 

int_surf(nrelPoav)/I0 m-2 

Extinction Cross 

Section 

abs_CS + sca_CS m-2 

Table 5.1: COMSOL Expressions for Absorption, Scattering and Extinction Cross Sections 

Where int_vol and int_surf are integrations over the nanosphere volume and surface 

respectively and ewfd.Qh is the total power dissipation density (W/m3). The 
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relative normal Poynting flux is a measure of the time-averaged power flow in x, y 

and z directions, defined as ewfd.relPoavx, ewfd.relPoavy and ewfd.relPoavz 

through use of normal vectors nx, ny and nz respectively. The initial intensity, I0 

(W/m2) is given E0/(2*ewfd.Z0_const) where E0 is the incident electric field (V/m) 

and ewfd.Z0_const is the impedance of free space (given by an in-built COMSOL 

and approximately 376.73 ohm).  

The cross-sectional data was calculated over the wavelength range, 400-800nm 

through use of Parametric Sweep tool. This allowed for the plasmonic resonance 

spectra to be plotted and also account for the wavelength-dependence of the gold 

refractive index. COMSOL supplies in-built refractive indices for many materials 

and for direct comparison to MiePlot calculations, bulk gold refractive index values 

were used. The model was then solved through use of in-built direct solver, known 

as MUMPS, which stands for Multifront Massively Parallel Sparse Direct 

Solver[27], [28]. MUMPS obtains the answer through lower-upper (LU) 

decomposition where lower and upper triangular matrices, L and U respectively, 

are used to factorise a required matrix, A[29].   

Simulated extinction cross-sections of various nanosphere dimensions were then 

compared to those obtained from Mie scattering calculations using MiePlot. The 

data was normalised to compensate for differences in the initial conditions in each 

model including the input power of the incident waves. Data was normalised using 

equation 5.18. 

 x̂=
x-xmin

xmax-xmin
  …5.18 

Where  x̂ is the normalised data point, x is the initial value, xmax and xmin are the 

maximum and minimum values in the data range respectively. 

Figure 5.4 shows the extinction cross-sections obtained for nanosphere diameters 

ranging from 50-200nm in air for both programs.  
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Figure 5.4: Comparison of Normalised Simulated Extinction Spectra for Nanosphere 

Diameters Ranging from 50-200nm in MiePlot and COMSOL 

The extinction spectra shape determined by each program is comparable, however 

there are differences in the amplitude, especially for smaller diameters. The 

modelled resonant peak positions are in good agreement, with the percentage 

difference between the two increasing only slightly for increasing diameter. As the 

COMSOL model predicts the general shape and resonance position for the various 

diameters, it is successfully modelling this ideal case when compared with theory. 

5.3.2 Isolated Nanorods  

The isolated nanosphere model was then expanded for computation of single gold 

nanorods in a homogenous environment. Nanorods are a more complex geometry 

and therefore results cannot be directly compared with Mie Theory. However, they 

can be approximated as ellipsoids using the Mie-Gans approach as detailed in 

Chapter 2 (section 2.3.2). COMSOL has an in-built ellipsoid geometry which 

replaced the nanosphere at the centre on the surrounding media. As symmetry 

planes still exist for ellipsoids, the model could still be reduced to a semi-spherical 

setup for decreased computation time and power. The extinction cross section was 
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determined through summation of the absorption and scattering cross-sections as 

shown in the nanosphere model. Calculation of the absorption cross-section was 

obtained through integration of the resistive losses from the ellipsoid. The 

scattering cross-section was determined through integration of the power flowing 

across a spherical boundary enclosing the ellipsoid.  

The normalised extinction cross-section obtained from COMSOL was then 

compared to results obtained from Mie-Gans calculations and DDA simulations as 

shown in figure 5.5. 

 

Figure 5.5: Comparison of Normalised Extinction Spectra from Mie-Gans, FEM(COMSOL) 

and DDA (nanoDDSCAT+) for a 25x50nm Spheroid in Air 

There is a significant difference in resonance peak positions for the Mie-Gans and 

the DDA and FEM models. However, the COMSOL and nanoDDSCAT+ 

resonance peaks are in good agreement, with only a 6nm difference between the 

two.   

In addition to simulations of an ellipsoid, gold cylinders with sharp edges and hemi-

spherical tips, as depicted in fig 5.6, were also modelled using FEM and DDA 

methods and the normalised extinction cross-sections were compared. 
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Figure 5.6: Comparison of Simulated Extinction Cross Sections for 25x150nm Gold Sharp 

and Hemispherical Tipped Cylinders in Air from COMSOL and nanoDDSCAT+ Models 

There is 10nm and 20nm difference between the resonance peak positions 

simulated for the sharp and hemispherical tipped cylinders respectively. Despite 

this difference, the models are in good agreement with regards to the predicted 

shape and peak position for this setup, with both showing visible/infrared 

resonances. 

5.3.3 Single Nanorods on Surface 

To simulate the nanorod array chip utilised in this research, it was necessary to 

consider the interactions between nanorods and their supporting surface. Therefore, 

the next stage was to introduce incident light into the system and model how the 

wavevector propagates through the nanorod setup. Initially, the COMSOL tutorial 

“Scatterer on Substrate”[26] was utilised, which uses a two-step method to 

determine the plasmonic behaviour of a nanostructure on a surface. 
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The first step computes a full field solution with the scatterer absent. An 

electromagnetic wave, incident at the top of the setup through use of the port 

condition, illuminates a substrate which is infinite in the x-y direction. The field 

propagation through the setup (in z direction) is then determined through 

wavevector calculations in each media and Fresnel equations. The second step 

introduces the nanorod on top of the substrate, where the first step solution acts as 

the background field. The scattered field is then simulated for the nanorod on the 

substrate, similar to the previous isolated models. A perfectly match layer (PML) 

absorbs the scattering field and prevents backscattering and reflections from the 

unit cell boundaries. The full field solution is then given as a combination of the 

background and scattered field data.  

The model was adapted for this research by inclusion of a single nanorod on the 

substrate instead of the custom scatterer. The incident light was also modified for 

TM polarisation at an angle of 45 degrees, exciting both plasmonic modes of the 

nanorod (see section 2.3.2). The inclusion of the substrate, incident conditions and 

use of the two-step model meant that previous symmetry conditions could not be 

utilised as the field was not symmetrical around the rod geometry. This meant that 

the model required significantly more computational power to run and required a 

longer time to accurately simulate the setup. To determine the effect of substrate, 

the single nanorod was modelled in air, on a glass substrate, gold substrate and 

finally a glass substrate with 5nm gold underlayer. This final model was used as 

the basis for the nanorod array surface simulations. 

5.3.4 Nanorod Array Surface 

To model the nanorod array surface, the PML was removed from the two-step 

model used for computation of a single nanorod on the substrate. However, this 

created a significantly larger simulation, which was power and time intensive. In 

addition, the results were not as expected from experimental data, showing a single 

peak instead of the characteristic two associated with the resonance modes. This 

was due to two reasons. Firstly, as the mechanism was split into two steps, coupling 

between the array and substrate was not being calculated correctly. Secondly, 

computation of the extinction cross section was showing the extinction of a nanorod 

in the setup, not the extinction associated with the entire system. Therefore, it was 
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necessary to simulate the setup in one stage, considering all interacting fields and 

extinction through the entire sample, not for a nanorod in the array.  

This was achieved by removing the second step in the two-step model, simulating 

the full field for the nanorod surface. The incident field was added to the system 

through use of a port at the top of the unit cell. The secondary port, used to measure 

transmission was replaced by a scattering boundary condition at the bottom of the 

glass substrate and a PML was added to the bottom. This allowed for the light to 

be absorbed after propagation through the setup and prevented unwanted 

reflections and backscattering waves.   

To measure the plasmonic spectra from the nanorod array surface, a boundary 

probe was used to measure transmission through the system. The boundary probe 

was positioned at the interface between the glass substrate and PML as shown in 

figure 5.7. 

 

Figure 5.7: Screenshot of COMSOL Nanorod Array Unit Cell Showing Position of Boundary 

Probe 

The extinction spectra were then determined through the relation given in equation 

5.19: 
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Extinction=-log
10

(T)  …5.19 

Where T is the fraction of light transmitted through the sample without being 

absorbed (sometimes referred to as transmittance[30][31]).  

The COMSOL data was then directly compared to the EMA resonance spectra, 

through normalisation using equation 5.18. Figure 5.8 shows the simulated 

plasmonic spectra from both the EMA and COMSOL programs for the same 

system. P-polarised light at 45 degrees incident angle illuminating nanorods of 

diameter 25nm, height 150nm in an array with 60nm periodicity (centre-to-centre 

spacing). 

 

Figure 5.8: Comparison of extinction spectra values obtained using EMA and COMSOL 

programs for a nanorod array with nanorod dimensions of 25x150nm and 60nm periodicity 

The extinction spectra are not the same for both programs, however the position of 

the transverse mode simulated for each is similar at approximated 520nm. The 

longitudinal peaks are at approximately 630nm and 660nm for the EMA and 

COMSOL models respectively. Although the results are not in direct agreement, 

both show the expected plasmonic modes excited by p-polarised light at 45 degrees 

in a similar wavelength range.  

Results from both the EMA and COMSOL models were then directly compared to 

experimental results. A Lambda 950 UV-Vis Spectrophotometer [32] was used to 

determine the extinction spectra of a sample with 30x200nm nanorods at 70nm 
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spacing. Figure 5.9 shows the angle dependence of the measured spectra for 

incident angles of 0-75 degrees for a wavelength range of 450-800nm1. 

 

Figure 5.9: Extinction Spectra measured for a nanorod array, 30x200nm with 70nm 

periodicity for incident angles of 0, 15, 30, 45, 60 and 75 degrees.  

To directly compare the shape and magnitude of the spectra, the experimental and 

simulated data was normalised. Figure 5.10 shows the comparison of experimental, 

COMSOL and EMA normalised data for angles 15-60 degrees. 

 

Figure 5.10: Comparison of Experimental and Simulated Extinction Spectra (EMA and 

COMSOL) for 300x200nm Nanorod Array (70nm Periodicity) with Light at Incident Angle 

(degrees): a) 15 b) 30 c) 45 d) 60 

 
1 Primary Data taken from Master’s Project Report (February 2014) 
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Both EMA and COMSOL methods accurately predict the position of the transverse 

peak and are in good agreement with the experimental data. As angle increases and 

the longitudinal peak becomes more significant, COMSOL is comparable to the 

experimental data. The EMA method predicts significantly more blue-shifted 

longitudinal peaks when compared to the experimental results. In addition, the 

simulated spectra shape and magnitude varies from experimental results. Both 

methods show a greater transverse peak amplitude at increasing angle and a 

reduced difference between this and the longitudinal peak than is shown from the 

experimental results. As COMSOL results are relatively accurate and predicting 

the spectral shape and position of the resonant peaks, it is considered a better option 

than the EMA results for modelling the nanorod surface.  

5.3.4.1 Electric Field Data  

In addition to measuring the plasmonic resonance spectra, the electric field 

distributions in the model were determined. Plasmonic activity associated with the 

interacting nanorods can produce electric field enhancements in the array. 

Depending on the coupling strength between the nanorods; these enhancements can 

be localised to specific positions, known as “hot-spots’ or extend throughout the 

array. To determine the electric field distribution on the surface of the nanorod 

array, the normalised electric field was measured at different locations in the model 

using Cut Plane operations. The normalised electric field is a built-in COMSOL 

function, ewfd.normE, given by equation 5.20: 

ewfd.normE= |E|=√|EX|2+|EY|2+|EZ|2    …5.20 

Where the amplitude of the total electric field in the model is determined, including 

scattering components of the incident field by the nanorod in x, y and z directions.  

Normalised field distributions in the model were viewed in orthogonal planes (xy, 

yz and xz) to see the position of field enhancements at various wavelengths. The 

strength of these field enhancements was determined by measuring the field 

strength in these areas through use of the Cut Line 3D. Cut Line is a tool which 

measures specific variables along a line of specified direction and length in the 

model. The normalised field strength was measured along the width and height of 
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the nanorod unit cell, producing line plots to view the field strength variations in x, 

y and z directions. Figure 5.11 shows a typical cut line used and the produced line 

plot. 

 

Figure 5.11: Screenshot from COMSOL Simulation showing Cut Line 3D in XZ Plane and 

Corresponding Line Plot at 400nm for a Nanorod Array of Diameter 25nm, Height 150nm 

and Periodicity of 60nm 

Normalised field distribution and strength data can be used to determine the optimal 

setups for increased field enhancements. However, the wavelength-dependence of 

the incident electric field means that simulated fields will appear stronger due to 

the increased incident field rather than localised field enhancements. For direct 

comparison of field strength, the values must be obtained for a specific wavelength. 

However, this is problematic when the nanorod setups have different resonance 

spectra as resonant wavelength comparisons cannot be completed. To compare 

setups at different wavelengths, it is necessary to consider the field enhancement 

factor, |EF|. This value calculates the local field relative to the incident field and 

can be used to directly compare setups at different wavelengths. The field 

enhancement factor, |EF|, is given by equation 5.21: 

|EF|=
|E|

|Einc|
   …5.21 

Where |E| is the local normalised field strength (V/m) and |Einc| is the incident field 

strength (V/m). 
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5.4 Model Constraints 

To create the final nanorod array model, various constraints were utilised to 

increase accuracy and improve computation time. In this section, the 

approximations used to simulate the experimental nanorod chip are discussed. The 

effect of mesh size and gold refractive index values used are also detailed. 

5.4.1 Approximations  

The nanorod array model was based on approximations to simulate the 

experimental nanorod array chip. The main approximations are detailed below. 

5.4.1.1 Omission of Adhesive Layer, Tantalum Pentoxide 

The layer of Tantalum Pentoxide, Ta2O5 that is sputtered on to the glass substrate 

to prevent peeling of the gold underlayer was omitted from the final model. Initial 

modelling of the surface with the adhesive layer showed no difference to the 

position of plasmonic resonances than when it was removed as shown in figure 

5.12. 

 

Figure 5.12: COMSOL simulation outputs with and without underlayer for a gold nanorod 

array (25x150nm nanorods with periodicity of 60nm) in alumina (n=1.6)  

Removing this layer also reduced the computation resources required to run the 

COMSOL model, removing an interface for electromagnetic wave propagation 
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calculations. In addition, omission of the underlayer simplified modelling of the 

system using the EMT/Transfer Matrix Method. 

5.4.1.2 Infinite and Periodic Array 

The alumina template fabrication method produces a hexagonal, semi-ordered 

array of nanorods, similar to figure 5.13.a. Successful simulation of this array setup 

would be difficult using COMSOL or other modelling techniques. The nanorod 

array model utilises Floquet-Bloch boundary conditions (see 5.3.4) at the sides of 

the nanorod unit cell, producing an infinite, square periodic array of nanorods 

(figure 5.13.b). This prevents accurate modelling of certain optical properties of the 

nanorod chip, including the effect of the chip edges and behaviour occurring from 

defects in the array. 

 

Figure 5.13: Schematic diagram Showing a) Hexagonal unit cell approximating the resulting 

periodicity from alumina template fabrications and b) Square Unit-Cell used in computer 

simulations utilising Floquet-Bloch boundary conditions to form the periodic array 

5.4.1.3 Nanorod Shape 

The shape of the nanorod affects the plasmonic resonance spectra, therefore the 

shape had to be chosen to accurately portray the experimental surface. Figure 5.14 

shows the three possible nanorod shapes considered.  
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Initially the nanorods were modelled as cylinders (shape 1) however hot spots 

appeared at the sharp edges of the rod. In reality, these sharp edges are unlikely to 

exist on the rounded, fabricated nanorods. A hemispherical cap was then added on 

to the top of the nanorod (shape 2), however the sharp edges at the base of the rod 

still resulted in inaccurate hotspots. Therefore, the nanorod shape was changed to 

round the top of the rod and the addition of fins at the base (shape 3). Figure 5.15 

shows the effect of these changing shapes on the overall plasmonic spectra.  

 
Figure 5.15: Simulated Extinction Spectra Showing Effect of Changing Shape where 1: 

cylinder 2: cylinder with hemispherical cap and 3: cylinder with hemispherical cap and fins 

at base (Nanorod Dimensions 25x150nm with Periodicity 60nm) 

The plasmonic resonance peak position appears to be identical for all shapes 

however it is clear that the cylinder shaped nanorods have increased extinction 

amplitude. The capped cylinder and final nanorod shape have comparable 

extinction spectra, with deviation occurring at longer wavelengths.   
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5.4.2 Gold Refractive Index 

While COMSOL Multiphysics has a variety of in-built refractive indices, it also 

allows the input of custom refractive index data. The refractive index of gold was 

determined using optical constants obtained by Johnson and Christy [13][14] for 

reflection and transmission measurements of thin film gold. Values for n and k at 

specific wavelengths were imported into the model and the Interpolation function 

implemented. This function used cubic spline interpolation methods to determine 

the values throughout the specified wavelength range.  

The optical constants obtained from Johnson and Christie are often referred to as 

bulk values. They are suitable for gold structures with dimensions greater than 

~37.5nm, corresponding with the mean free path of electrons which defines how 

far an electron can travel between collisions. As the dimensions decrease, electrons 

are scattered randomly from the surface of the structure, losing their coherent nature 

and changing the observed optical behaviour  [35][36].  

It is known that electrodeposited gold has a different structure than layers achieve 

through thin film deposition. TEM characterisation has shown that the fabricated 

nanorods have crystalline structure with grain boundaries of approximately 5nm 

[37] which is comparable to the gold underlayer with typical dimensions of 5- 6nm. 

As the underlayer and nanostructure dimensions are significantly smaller than 

37.5nm, the restriction on the electron mean free path must be accounted for when 

modelling the system.  

Considering the Drude model, where a metal consists of stationary, heavy ions and 

a moving sea of electrons, the mean free path of electrons, L is given by equation 

5.22: 

L=ντ     …5.22 

Where ν is the velocity of the electrons and τ is the average time between collisions, 

known as the relaxation time. In a metal, the relative dielectric permittivity, 𝜀𝑖 is 

the sum of both bulk and free electron terms. The free electron term at a specific 

angular frequency, ω, is given by equation 5.23. 
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εi=
-ωp

2τi

ω(ωτi + i)
   …5.23  

Where ωp is the plasma frequency and τi is the relaxation time of the free electrons. 

Assuming the bulk electron term describes the behaviour of electrons with mean 

free path, Lbulk, the relativity dielectric permittivity can be defined as equation 5.24:  

εr=εbulk + 
iωp

2
τbulk(Lbulk - r)

ω(ωτbulk+i)(ωτbulkr + iLbulk)
    …5.24 

Where r is the restricted mean free path of the electrons. For gold, Lbulk= 37.5nm, 

ωp= 13.7x1015 Hz and τbulk= 2.53x10-14s [38]. Figure 5.16 shows the effect of 

different restricted mean free paths on the simulated plasmonic resonances. 

 

Figure 5.16: Comparison of Resonance Spectra for Different Restricted Mean Free Path Gold 

Refractive Indices for a Gold Nanorod Array Surface (25x150nm NR at 60nm Periodicity with 

5nm Gold Underlayer) 

The bulk refractive index resonance peak is red shifted in comparison to the mean 

free path restricted spectra. As the restricted mean free path decreases, the 

magnitude of both the transverse and longitudinal peaks reduces. In this research, 

the restricted mean free path was chosen to be 2.5nm to account for smaller grain 

sizes in the 5nm underlayer and within smaller nanorod dimensions. 

5.4.3 Mesh Considerations  

In FEM modelling the size of the discrete elements is determined by the mesh. 

Reducing the mesh size increases the number of elements and improves the 
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accuracy of the model. However, the mesh size also significantly affects the 

computation time of the model, with large elements numbers causing issues with 

memory allocation and ultimately preventing the model running. Therefore, a 

compromise between accuracy and computation time must be reached. Figure 5.17 

shows a comparison of mesh sizes and the corresponding effect on plasmonic 

resonances. 

 

Figure 5.17: a) Comparison of FEM Mesh Sizes and b) Effect on Plasmonic Resonance Spectra 

of Gold Nanorod Array Setup (25x150nm NR, 60nm periodicity) in COMSOL simulations 

The shape of the plasmonic resonance spectra has certain changes for decreasing 

mesh size, with the position of the plasmonic modes red shifting with increasing 

number of elements. It is clear that it is important to choose a suitable mesh size 

for each media and structure. The nanostructured surface has smaller dimensions 

and requires a smaller mesh to accurately simulate the setup. However, as meshes 
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must be identical at boundaries, it is necessary to match mesh conditions to reduce 

errors in the simulated data. This is especially important for the boundaries at the 

sides of the unit cell used to form an array. If the meshes aren’t identical at opposite 

sides, the Floquet boundary condition will be affected and cause errors in the 

program. Therefore, Copy Face operations were used to match meshes on opposite 

boundaries of the nanorod unit cell.  

A larger mesh size can be used for larger dimensions, such as the matrix, glass 

substrate and PML without much effect on accuracy. However, as the matrix and 

glass layers were in contact with the thinner gold underlayer and nanorod 

dimensions, the mesh conditions had to be equivalent. In this research a custom 

mesh size was used (see figure 5.17), which allowed for equivalent mesh sizes on 

boundaries. A maximum mesh size of 10nm was used, with a minimum of 0.5nm 

in the surrounding media and a minimum value from sequence, obtained during 

computation, in the gold nanostructured media. These conditions allowed for larger 

elements throughout the majority of the matrix and glass layers, which provided a 

compromise between accuracy and computation time.  

5.5 Conclusion  

In this chapter, the modelling techniques used to simulate the gold nanorod array 

surface have been detailed. Development of the modelling setups allowed for 

comparison to theory and additional modelling methods, to validate the underlying 

physics within the model and simulate ideal conditions. The finite element method 

(FEM) was chosen as it could be used to model any system and any nanoparticle 

geometry. It also allowed in-depth imaging of simulated fields surrounding the 

system and the position of hotspots, which are areas of localised field enhancement. 

FEM software, COMSOL Multiphysics 5.4 was used to model single nanoparticles 

in space, on a substrate and then the final nanorod array surface. The completed 

models were compared with theory, other modelling methods and experimental 

results where applicable. Nanosphere results were in good agreement with Mie 

theory, however ellipsoidal simulations were less comparable to Mie-Gans. Single 

ellipsoidal and cylindrical setups were also compared to DDA simulations, where 
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modelled resonant spectra were obtained with peaks within a 10-20nm range. 

Finally, the nanorod array surface model was compared to both experimental 

results and effective medium approximations (EMA) data. While there were some 

differences between the EMA and COMSOL models for angle dependence of the 

plasmonic spectra, comparison with experimental results showed good agreement.  
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Chapter 6                                              

Modelling the Optical Response of a Gold 

Nanorod Array Surface 

This section details the conclusions from surface parameter investigations 

completed using the gold nanorod array surface model produced in COMSOL 

Multiphysics. 

6.1 Introduction  

The COMSOL model, as described in chapter 5, was used to evaluate the various 

surface parameters and their effect on the optical behaviour of the gold nanorod 

array surface. In literature, nanorods have been extensively modelled to determine 

their optical properties. Therefore, a review of current literature was required to 

compare conclusions of completed parameter investigations with those obtained 

from the model.  

It should be noted that many experimental and simulated conclusions have been 

drawn for horizontal nanorod arrays on glass/silica substrates or for individual or 

dimer nanorod systems. Although simulations of the novel nanorod array chip 

should agree with previous plasmonic trends, it was necessary to repeat all previous 

investigations for research setup. This was to determine if either vertical nanorods 

which couple lengthways or the presence of a gold underlayer leads to unexpected 

variations in the optical properties. 

Various properties were investigated including the size, shape and spacing of 

nanorods within the array and the findings are detailed. Based on these results, an 
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optimum configuration was determined, which was tested in a simulated sensitivity 

test to determine the expected chip sensitivity. Finally, the presence of areas of 

increased field intensity within the modelled array are discussed, with their use in 

other sensing applications outlined. 

6.2 Nanorod Geometry Investigations  

In this section, the geometrical properties of the nanorods; size, shape and array 

spacing were investigated to determine their effect on the resonant behaviour of the 

chip. Each investigation considered what had been previously been found in 

relevant literature and compared conclusions to nanorod chip model results.  

6.2.1 Nanorod Size  

The quasistatic approximation (as detailed in Chapter 2) states that nanorods of 

dimensions much smaller than the wavelength of light exhibit plasmonic behaviour 

dependent only on the aspect ratio of the rod[1]. Hence, the majority of theoretical 

models have focussed on mapping resonances in relation to the aspect ratio of rods. 

It has been extensively reported, through both simulation and experimental data, 

that as the aspect ratio increases, the longitudinal resonance peak red-shifts [2][3].  

Becker et al have specifically simulated nanorods for biosensing applications and 

found an optimum aspect ratio between 3 and 4 was required for maximum 

sensitivity [4]. Currently, fabricated nanorods have aspect ratios of approximately 

5-6 which is greater than the size suggested by Becker. However, nanorods with 

the same aspect ratio but different heights/ diameters produce vastly different 

resonance spectra. Figure 6.1 compares resonance spectra from nanorod arrays with 

the same aspect ratio (and diameter to spacing ratio of 2.4) but different dimensions. 
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Figure 6.1: Comparison of Resonance Spectra from Nanorod Arrays with Aspect Ratio of 4 

The extinction increases as the size of the nanorods increases, due to the increased 

nanorod volume reducing transmission through the sample. However, the shape of 

the spectra also changes, with both transverse and longitudinal peaks viewed for 

50x200nm nanorods whereas only a single peak was observed for 10x40nm 

nanorods. 

The difference in resonance spectra for nanorods of the same aspect ratio was also 

observed by Bryant et al, who suggested that resonance was dependent on 

individual dimensions. They concluded that the longitudinal resonance position 

increased (red shifted) with increasing length of rod (referred to as 

nanoantenna)[1]. López-Lozano and contributors also found a dependence on rod 

length, stating aspect ratio investigations were not sufficient for mapping of 

resonances [5]. Conversely, Prescott and Mulvaney concluded that the resonance 

position was dependent not only on the length but also the radius of the nanorod 

[6].  Therefore, it is necessary to consider the effect of varying dimensions, 

diameter and height individually to determine the optimal setup. 

To investigate the effect of height on the resonance spectra, the heights of nanorods 

within the array were varied from 25 to 250nm for a constant diameter of 25nm and 

60nm array spacing. The simulated resonant spectra are shown in figure 6.2. 
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Figure 6.2: Simulated Extinction Plots for Nanorod Arrays with Heights Ranging from 25-

250nm with Constant Nanorod Diameter of 25nm 

It is clear that as the height increases, the extinction increases due to greater volume 

of gold reducing transmission through the sample. The vertical nanorod array 

agrees with the trend discussed in literature, where increasing height results in the 

red shifting of the longitudinal peak. At smaller nanorod heights, the longitudinal 

mode overlaps with the transverse mode, resulting in a single peak. In addition to 

the red-shifting of the longitudinal peak, the transverse peak also blue-shifts 

slightly with increasing height. 

However, increasing the wavelength range shows an additional peak in the 

infrared/near-infrared region at lower nanorod heights, as seen in figure 6.3. 

 

Figure 6.3: Simulated Resonance Spectra within Wavelength Range of 400-1200nm Showing 

Presence of Additional Peak at Infrared/Near-Infrared Wavelengths 
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As the height increases, this additional peak disappears within the increase 

longitudinal mode amplitude. Due to the wavelength position of this additional 

peak, it was expected that this peak was due to the longitudinal mode of the 

nanorods. This was supported by the visibility of the peak with respect to height, 

as it was not visible for nanorods of dimensions 25x25nm and becomes apparent 

for 25x50nm. To confirm the origin of this mode, the electric field distribution at 

the corresponding peak wavelength was viewed for the 25x50nm nanorod array 

and compared to that of the initial transverse peak (figure 6.4). 

 

Figure 6.4: Electric Field Distribution in XZ Direction of 25x50nm Nanorod at Peak 

Wavelengths of 530nm and 800nm 

It would appear from figure 6.4 that the 800nm peak was not longitudinal, as no 

radiation is emitted for the top of the rod, which was expected for long-axis 

oscillations. In addition, it is unlikely to be a multipole as these occur with longer 

rods which can sustain modes within the middle of the rod due to phase retardation 

of the incident field [7]. Therefore, the mode is likely to be due to nanorod 

interactions within the array. 

The effect of diameter on the resonance spectra was also investigated for diameters 

ranging from 5nm to 50nm as shown in figure 6.5. 
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Figure 6.5: Simulated Extinction Plots for Nanorod Arrays with Diameters Ranging from 5-

50nm with Constant Nanorod Height of 150nm and Array Spacing of 60nm 

Increasing diameter, increases the volume of gold reducing transmission through 

the sample and increasing extinction amplitude.  The centre-to-centre array spacing 

remained constant at 60nm which also meant that extinction increased when the 

distance between larger diameter nanorods decreased. A combination of the 

increased diameter and reduced diameter to spacing ratio results in a single mode 

as the longitudinal mode blue-shifts and overlaps the transverse. When the diameter 

is 50nm, it is comparable to the spacing with only 10nm between the rods, resulting 

in a red shift of the single peak.  The longitudinal mode blue shift effect can be 

viewed through simulation of the extended wavelength range.  Figure 6.6 shows 

the blue-shifting of the longitudinal peak with increasing diameter width. 

 

Figure 6.6: Simulated Resonance Spectra within Wavelength Range of 400-1500nm Showing 

Progression of Blue-Shifted Longitudinal Peak 
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At small diameters, the longitudinal peak begins in the infrared region of the 

spectra, but as diameter increases, it blue-shifts into near-infrared and then the 

visible wavelength range. At a diameter of 25nm, the characteristic 2 peaks are 

present, before overlapping producing a single, increased amplitude peak at 35nm. 

As both the increasing diameter and reduced diameter to spacing ratio contribute 

to this blue-shift and increased extinction, it was necessary to investigate only the 

effect of increased diameter. This was completed by keeping the diameter to 

spacing ratio constant at 2.4 and diameters of 5-50nm were again modelled (Figure 

6.7). 

 

Figure 6.7: Simulated Extinction Plots for Nanorod Arrays with Diameters Ranging from 5-

50nm with Constant Nanorod Height of 150nm and Diameter to Spacing Ratio of 2.4 

Keeping the diameter to spacing ratio constant allows for the two resonance peaks 

to be visible at all diameters. However, as the diameter increases, the longitudinal 

peak amplitude decreases and the peak position blue shifts. Conversely, the 

transverse peak positions red shifts and the amplitude increases. These changes in 

peak characteristics are because the broadening of the rod (with constant height) 

reduces the aspect ratio. Similar to the reduced height nanorods (with constant 

diameter), this allows the transverse mode to dominate.  

In both height and diameter investigations, multipoles were not visible within the 

simulated extinction spectra for high aspect ratio rods. This is likely due to the array 

effects, where multipoles in the middle of the rods are too weak to be visible over 

the coupled transverse and longitudinal modes. In addition, interference between 
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the modes within the infinite periodic array may be destructive, resulting in no 

apparent multipole resonances. The effect of array spacing on the resonant 

properties is investigated in further detail in section 6.2.3. 

6.2.2 Nanorod Shape  

As detailed in Chapter 5 (section 5.4.1.3), the shape of the nanorod was chosen to 

reflect the fabricated appearance viewed during optical characterisation of the 

surface. However, it has been found that modelling nanorods based on appearance 

may not fit experimental data as accurately as expected. Prescott and Mulvaney 

found that sharp-ended (flat) cylinders were a better fit to experimental data that 

round capped rods [6]. It was shown in section 4.4.1.3 that the flat-ended shapes 

produced a greater extinction than the rounded rods however this was not compared 

to experimental results. Figure 6.8 shows a comparison of normalised experimental 

data with flat cylinder and capped rod shapes spectra at an angle of 45 degrees. 

 

Figure 6.8: Comparison of Simulated Spectra from Flat and Spherically Capped Nanorods 

to Experimental Data Showing Normalised Extinction at an Angle of 45° 

There is minimal difference between the flat and spherically capped longitudinal 

peaks, however spherical capped has a greater transverse peak than the flat 

cylinder.  The experimental results show a significant difference in peak 

amplitudes, which is not seen in either of the simulated nanorod arrays, however 

the flat nanorods show a slightly greater difference. Due to the minimal difference 

in positions of both the transverse and longitudinal peaks between both simulated 
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results and experimental data, investigations continued to use spherically capped 

nanorods. This was to reduce the effect of field enhancements at sharp corners 

which would not be present in the fabricated arrays. 

6.2.3 Nanorod Array Spacing  

When nanoparticles are grouped within arrays, coupling of the plasmonic modes 

occur as detailed in Chapter 2. Typically, nanorod geometry simulations within 

literature focus on single nanostructures, determining how different properties 

effect the individual nanorod’s resonant properties. In reality, experimental use of 

nanorods for sensing applications typically focusses on the use of multiple 

nanostructures within an array[8]–[10]. Therefore, the effect of array properties 

must also be considered when modelling the nanorod surface utilised in this work. 

Previous studies have shown that a blue shift of the plasmon mode of an individual 

rode is expected when multiple rods couple side-to-side, with polarisation along 

the long axis as utilised in this research [11][12][13]. However, these differences 

have been modelled for nanorods in homogeneous media, rather than sitting on a 

substrate. Figure 6.9 shows a comparison of simulated resonance spectra from an 

individual nanorod of height 150nm and diameter of 25nm compared to that of an 

infinite array of nanorods (same dimensions) with periodicity of 60nm. The 

extinction is normalised as the amplitude of the individual nanorod is significantly 

less than that of the array. 

 

Figure 6.9: Normalised Extinction Spectra Showing Difference Between Individual 25x150 

nm Nanorod and 25x150nm Nanorod Array (spacing of 60nm) in Alumina 
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The transverse peak remains in the same position for both investigations, with the 

longitudinal peak absent for the individual nanorod in the 400-800nm range.  

Viewing the same setup in water shows how the longitudinal peak blue-shifts from 

870nm to 590nm as shown in figure 6.10 below.  

 

Figure 6.10: Normalised Extinction Spectra Showing Difference Between Individual 25x150 

nm Nanorod and 25x150nm Nanorod Array (spacing of 60nm) in Water 

Figures 6.9 and 6.10 shows the effect of array spacing on the longitudinal peak of 

the nanorods. Single nanorods typically have longitudinal peaks which are red 

shifted (approximately 900-1000nm) as also seen in chapter 5 (section 5.3.3) for 

both sharp and hemispherical tipped cylinders. However, the presence of additional 

nanorods within an array allows for coupling between long axis oscillations 

resulting in a blue-shift of the longitudinal mode, as expected from literature 

[11][12][13][14]. The extent of the blue shift within the array is significantly 

greater than within dimers or trimers due to the large number of nanorods on the 

surface which results in increased coupling between nearest neighbours and 

throughout the array. The evolution of this longitudinal mode blue-shift is seen 

during electrodeposition of the rods in the alumina template, with the significantly 

shifted longitudinal peak visible within experimental data (as shown in section 

5.3.4). The shifted peak was also seen within COMSOL models, such as the 660nm 

peak value shown in figure 6.9 above for the specified nanorod array dimensions. 

The effect of varying array spacing was then investigated with periodicities ranging 

from 35-85nm for 25x150nm nanorods as shown in figure 6.11 below.  
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Figure 6.11: Effect of Varying Array Spacing from 35-85nm on a) Resonance Spectra b) 

Peak Position of Transverse and Longitudinal Plasmon Modes 

It is clear that as the array spacing reduces, the increased volume and coupling 

between nanorods causes the extinction peak to increase (fig 6.11a) and blue shift 

(fig 6.11b) respectively. This trend is similar to that of the increasing diameter with 

fixed periodicity simulations, showing the significant effect of increased material 

and coupling of rods on the mode position. As spacing decreases, the longitudinal 

mode significantly blue-shifts, while the transverse mode red-shifts until the two 

overlap at 50nm spacing (25nm gap between rods). As the spacing continues to 

decrease, the collective peak begins to slightly blue shift, reaching 540nm at 35nm 
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spacing. This contradicts conclusions reached by Halas and contributors, who 

suggested that only at extremely small separations (1-2nm) would a significant shift 

in the plasmon mode be observed [11]. However, these predictions were initially 

based on two interacting rods, rather than an array.  

Having considered the effect of array spacing, it was then necessary to consider 

how defects within the array, such as missing rods or disordered alignment would 

affect the extinction spectra. This would not have been possible through use of the 

single nanorod unit cell, so a new setup was modelled containing nine nanorods to 

create a middle nanorod interacting with nearest neighbours within the infinite 

array. The repeating setup meant that the defect pattern became semi-ordered, with 

the defect repeating infinitely, rather than a single array anomaly. The 

approximations of what would occur due to three defect cases; a missing nanorod, 

disorder in the array and maximum disorder (with all nanorods moved arbitrary 

amount) were simulated. Figure 6.12 shows the unit cell for each investigation and 

figure 6.13 shows the resonance spectra obtained for each. 

 

Figure 6.12: XY View of COMSOL Model Showing: a) Multiple Nanorod Unit Cell b) 

Missing Nanorod c) Disordered Array d) Maximum Disorder 
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Figure 6.13: Simulated Resonance Spectra from Array Defect Investigations 

The most obvious change in the resonance spectra occurs for the missing nanorod 

unit cell, where the extinction reduces due to the decreased material. In addition, 

the transverse peak is blue shifted by 20nm (540nm to 520nm) and the longitudinal 

peak is red shifted by 20nm (660nm to 680nm). This shift in both peaks is similar 

to what was simulated for increasing array spacing and is likely due to the increased 

gap size felt by some rods within the array. Increasing disorder within the array 

results in similar spectra to the original unit cell, with a slight increase in extinction 

amplitude. There is some blue shifting of the transverse peak (10nm change) and 

no change to longitudinal peak position. Although disorder doesn’t significantly 

affect the resonance spectra, simulating the electric field distributions show how 

the field patterns on the nanorods and within the array are changed. Figure 6.14 

shows the difference in field distributions at longitudinal peak position, 660nm in 

the XY plane for the disordered arrays and 680nm for the missing rod. 
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Figure 6.14: XY View of Electric Field Distributions Showing: a) Multiple Nanorod Unit 

Cell b) Missing Nanorod c) Disordered Array d) Maximum Disorder 

It is clear from figure 6.14 that the position of nanorods affects the field intensity 

in the array at that position. Areas where nanorods are closer, such as in disordered 

arrays (images c. and d.), increased field enhancement extends between the 

nanorods due to increased plasmonic interactions. While these areas did not affect 

the overall resonance spectra of the infinite array, molecules in these areas would 

experience field enhancements. These areas of boosted field intensity are discussed 

briefly in section 6.4, with their applications detailed in chapter 7. 

6.3 Simulating Sensitivity Investigations  

The nanorod geometry investigations provided an opportunity to investigate 

optimal nanorod array parameters for sensing applications. The nanorod chip must 

provide sufficient sensitivity, through a peak shift, in the correct wavelength range 

for the biosensing setup. The LED used within the setup is red, with output 

wavelengths at 625nm or 650nm. The longitudinal peak of the fabricated nanorods 
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should be around this wavelength but cannot have a resonance peak directly on this 

wavelength as the sensorgram signal becomes too noisy.  

The nanorod arrays were modelled in alumina, similar to characterisation 

performed after electrodeposition of the gold. However, as detailed in chapter 3, 

the alumina matrix is removed through use of a chemical etch, exposing the 

nanorods to the surrounding environment. When using the nanorod chips for 

protein detection, they are immersed in water which has a lower refractive index 

than the alumina. A lower refractive index causes the longitudinal peak to blue shift 

as shown in figure 6.15 below. 

 

Figure 6.15: Effect of Refractive Index of Surrounding Media on: a) Resonance Spectra b) 

Peak Position 

In addition, there are limitations on what can be successfully fabricated. Although 

peak amplitude is greatest for large diameters and small array spacings, these would 

be too difficult to fabricate. Large pore sizes may overlap during fabrication leading 
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to nanorods joining together during electrodeposition. Large heights may produce 

greater longitudinal peaks however as height increases, the fragility of the rod also 

increases and may break or topple during removal of template or during use. 

Therefore, the optimal setup must be within a reduced range of parameters which 

can be fabricated easily without too many defects occurring.  

Currently the average diameter is 25nm, height of 150nm and spacing of 60nm. To 

test the optimum setup, heights of 100-200nm, diameters of 20-40nm and 

periodicities of 40-80nm were modelled. The sensitivity test was simulated for all 

setups, with the percentage change of signal from water to ethanol determined for 

each array. Table 6.1 shows the highest percentages recorded for each diameter 

modelled at wavelengths of 625 and 650nm. 

 

Nanorod Setup 

Percentage 

Change at 

625nm (%) 

Percentage 

Change at 

650nm (%) 

20x150nm rods with 60nm spacing 8.59 9.19 

25x200nm rods with 80nm spacing 7.35 8.13 

30x150nm rods with 40nm spacing 8.03 6.78 

30x200nm rods with 40nm spacing 7.49 7.45 

35x200nm rods with 40nm spacing 10.14 9.72 

40x200nm rods with 80nm spacing 5.89 4.15 

Table 6.1: Simulated Sensitivity Results at Sensor Wavelengths of 625nm and 650nm going 

from water to ethanol 

The greatest shift occurs for nanorods of diameter 35nm, height 200nm and spacing 

of 40nm for both light wavelengths. However, this small array spacing may be 

difficult to fabricate, hence 20x150nm nanorods of spacing 60nm may be a more 

viable option. However, all simulated sensitivity results are lower than those 

obtained experimentally, with chips needing to reach 10% shift to be selected for 

protein detection, with some capable of achieving approximately 29% change. This 
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difference in sensitivities is likely due to model approximations, however the 

results can be used to guide the experimental investigations. 

6.4 Localised Field Enhancements  

The following section is adapted from a conference paper submitted and 

published in SPIE Optics and Optoelectronics 2019[14]. 

During evaluation of the optimum setup, E field distributions were viewed to see 

how the plasmonic activity within the array varied for changing parameters. Areas 

of localised field enhancements were visible in all setups, with amplitude and 

position varying depending on the geometry of the array.  

Initially, the centre-to-centre spacing was varied to determine the effect on the 

field distribution. Nanorods of height 150nm and diameter 25nm were placed in 

arrays with spacings of 40nm, 60nm and 80nm respectively as shown in figure 

6.16 below. 

 

Figure 6.16: Normalised Electric Field (V/m) Distributions in XZ Plane for 25x150nm 

Nanorod Array with Periodicity: a) 40nm b) 60nm c) 80nm at Resonant Wavelengths 

As the periodicity reduces, the field enhancement increases, seen by the increased 

maximum field strength in the distribution colour bar at 40nm spacing. As spacing 

decreases, the field enhancements become concentrated at the top of the nanorod 

array, with intense fields extending throughout the spacing due to the strong near-

field coupling between neighbouring rods. Hotspots, which are areas of increased 

field intensity, are visible at the top of the rods for all spacing investigations, with 
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the strongest occurring for 40nm. Although reduced spacing results in stronger 

coupling and field enhancements, it may make it difficult for larger molecules to 

position themselves within the array, reducing surface area for binding interactions. 

Increasing the diameter of the nanorods while keeping the spacing and height 

constant resulted in a similar field distribution as the reduced spacing as shown in 

figure 6.17 below. At a diameter of 45nm, the field is concentrated to the top of the 

nanorod array, with increased field strength.  

 

Figure 6.17: Normalised Electric Field (V/m) Distributions in XZ Plane for Nanorod Array 

with Spacing 60nm, Height 150nm and Diameter of a) 15nm and b) 45nm at 600nm (non-

resonant) 

The similarities between the distributions in figures 6.16 and 6.17 are likely due to 

the increased diameter reducing the spacing as the spacing size was fixed. Nanorods 

with a fixed height but scaled diameter to array spacing ratio were also simulated 

and the field distributions viewed at 600nm for comparison to figure 6.17. Figure 

6.18 shows normalised field distributions for nanorod arrays of 15x150nm 

nanorods (36nm spacing) and 45x150nm nanorods (108nm spacing) respectively. 
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Figure 6.18: Normalised Electric Field (V/m) Distributions in XZ Plane for Nanorod Array 

with Height 150nm and Diameter to Spacing Ratio of 2.4 where: a) Diameter =15nm Spacing 

=36nm and b) Diameter=45nm Spacing= 108nm at 600nm (non-resonant) 

As diameter increases the field strength decreases, with hot-spot intensity of 1 V/m 

for a 45nm diameter compared to 3V/m for a 15nm diameter. Scaling the spacing 

with the diameter change means that field enhancements viewed in figure 6.17 are 

due to strong near-field coupling between rods due to the reduced spacing as 

suspected. It is likely that the smaller diameter setup has a greater field strength due 

to the increased aspect ratio supporting the plasmonic modes. This was confirmed 

in the final investigation where nanorod height was varied for a fixed diameter and 

array spacing as shown in figure 6.19. 



Chapter 6 Modelling the Optical Response of a Gold Nanorod Array Surface 

 

124 

 

 

Figure 6.19: Normalised Electric Field (V/m) Distributions in XZ Plane for Nanorod Array 

with Diameter, 25nm, Spacing, 60nm and Heights of a) 25nm, b) 125nm and c) 250nm at 

600nm (non-resonant) 

As the height increases, the field strength increases as the increased aspect ratio 

supports a greater plasmonic mode, similarly to the smaller diameter in figure 6.18. 

The hot-spots visible in all the field distributions could contribute to increased 

sensitivity in the LSPR setup to proteins within these areas, hot-spots provide a 

significant opportunity for an alternative sensing mechanism. Plasmon enhanced 

fluorescence (PEF) can be used for sensing applications, where fluorescent 

molecules experiencing significant signal enhancement in the local field due to 

plasmonic activity. Investigations into the use of the nanorod array chip for PEF 

applications discussed in further detail in Chapter 7. 

6.5 Conclusion  

The aim of the simulations completed in this chapter was to determine the 

underlying physical mechanisms which create the optical properties of the nanorod 

array chip. The investigations completed meet the second objective outlined in 

chapter 1. The results aim to improve understanding of the optical properties of the 

nanorod surface and expand the current knowledge of general plasmonic behaviour.  

Initially, the importance of considering both height and width of nanorods as well 

as aspect ratio was investigated. Nanorod arrays with the same aspect ratio of 4 

were modelled and resulted in significantly different simulated resonance spectra. 

Increasing nanorod height for a fixed diameter and spacing red shifts the 
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longitudinal peak, producing two distinct resonance peaks associated with the 

resonance modes. Increasing diameter for a fixed height and spacing results in the 

blue shift of the longitudinal peak due to ani increase in material and reduced gap 

sizes between nanorods. To investigate only the effect of increasing diameter, the 

centre-to-centre spacing also had to be increased to maintain the same diameter-to-

spacing ratio of 2.4. The simulated resonance data showed that for increasing 

diameter, the longitudinal peak continues to blue shift and its amplitude decreases. 

Conversely the transverse peak red shifts with increasing amplitude as the aspect 

ratio reduces and transverse mode dominates. The simulated results appear to agree 

with current literature, including conclusions drawn from both experimental and 

simulation work. This allows for greater confidence in the model as a tool for 

guiding optimum surface properties during chip fabrication.  

The effect of array properties was also considered, with decreasing centre-to-centre 

spacing resulting in a blue-shift of the longitudinal peak until it overlaps the 

transverse peak. There is also a significant increase in extinction amplitude due to 

the increase in material. The effect of defects within the array was investigated by 

producing an expanded unit cell with more nanorods to simulate a grid. The 

nanorod array was modified to model a missing nanorod and increasing disorder 

within the array. As the unit cell was repeating in an infinite array, this resulted in 

a repeating defect which meant the simulated results reflected a semi-ordered, 

defective array. The missing central nanorod caused the greatest change in the 

simulated resonance spectra was transverse peak blue shifted by 20nm and 

longitudinal peak red shifted by 20nm in addition to a reduction in amplitude. 

Increasing disorder resulted in a small blue-shift of transverse position (10nm) and 

no effect on the  longitudinal peak. 

The wavelength shifts were simulated for a change of solution from PBS to ethanol 

and the approximate sensitivities calculated. The model results were typically lower 

than those measured during experimental work, where chips would only be used if 

they showed a 10% shift in signal intensity for the PBS-ethanol solution change. 

This difference is likely due to model approximations and the omission of the 

effects of the self-assembled monolayer from the simulations. Despite these 

discrepancies the approximated sensitivities can be used as a guide for expected 

sensing behaviour of a chip. The maximum simulated sensitivities occurred for 
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nanorod chips would be with diameter of 35nm, height of 200nm and centre-to-

centre spacing of 40nm with percentage changes of 10.14% and 9.72% at 625nm 

and 650nm respectively. However, the small array spacing may cause issues with 

fabrication, hence 20x150nm nanorods with 60nm spacing are a more viable 

option. This setup had the second-best simulated sensitivity for a water to ethanol 

change, with 8.59% at 625nm and 9.19% at 650nm. 

While previous geometry based investigations have been completed and reported 

in literature, modelling of the novel surface allows for increased knowledge about 

vertical nanorod setups, particularly the effect of blue-shifting longitudinal peaks 

within the array, The work also shows the effect of disorder and the diameter to 

spacing ratio which are not reported within literature. All investigations consider 

typical fabrication properties, which would limit many theoretical setups. 

Therefore, while the model has not yet been tested as a potential fabrication guide, 

it may be suitable for optimisation of future surface fabrication. 

Finally, simulations show field enhancements within the array, showing areas of 

increased field intensity (hotspots). The presence of hot-spots and increased fields 

within the array provide an opportunity for use of the nanorod chip for plasmon-

enhanced fluorescence (PEF) for sensing. Issues with reproducibility of chips and 

biological functionalisation of the surface could be avoided by instead utilising 

fluorescent molecules as the detectors.  It may also improve the sensitivity required 

for clinical diagnostics. The viability of the nanorod array surface for PEF 

applications will be investigated in the next chapter.  
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Chapter 7                                       

Investigating Plasmon Enhanced 

Fluorescence Applications 

In this chapter, the use of the gold nanostructured surface for plasmon enhanced 

fluorescence (PEF) applications is investigated. Initially, the underlying 

mechanisms of PEF are detailed, with a review of current findings from relevant 

literature. The experimental and computational methods are also detailed, and the 

results and conclusions obtained from both experiments and simulations are 

discussed. 

7.1 Introduction 

Currently, fluorescent based sensing applications are dominating the diagnostic, 

biomedical and chemical sensing research areas [1]. However, the success of 

fluorescent detection depends on the inherent properties of the fluorescent 

molecule. It was discovered that through close proximity to plasmonic-supporting 

metal nanostructures, it was possible to engineer these properties to provide better 

conditions for fluorescent sensing. This process is referred to in this work as 

plasmon enhanced fluorescence (PEF), however is also called metal enhanced 

fluorescence (MEF). In this section the phenomena of fluorescence and plasmon 

enhanced fluorescence will be detailed. A brief summary of current findings in the 

field of PEF will be discussed and the applications will be considered. 
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7.1.1 Fluorescent Molecules 

Fluorescence is the emission of light by a molecule or atom upon absorption of 

electromagnetic radiation. It can be described in terms of atomic structure, where 

the absorption of light causes the excitation of electrons to a higher atomic level. 

The excited electron is within a singlet orbital and is paired with an opposing spin 

electron in the ground state orbital. Transition of the electron from the excited level 

to ground state occurs rapidly upon emission of a photon, resulting in fluorescence. 

The energy of the emitted photon differs from that of the absorbed light, resulting 

in longer emission wavelengths. This phenomenon is known as Stokes shift, after 

Sir George Gabriel Stokes who discovered the effect in 1852 [2].  The shift in 

energy associated with light absorption and fluorescent emission can be 

summarised through use of a Jablonski diagram as shown in figure 7.1 below. 

 

Figure 7.1: Simplified Jablonski Diagram Showing Energy Processes Associated with 

Fluorescence 

Excited electrons will undergo rapid decay, known as relaxation (or internal 

conversion) to the lowest vibrational energy level of the excited S1 state which 

occurs at a rate of 10-12 seconds. This process alone will reduce the energy of the 

emitted photon, with the amount lost through relaxation processes dependent on 

the atomic energy levels within the fluorescent molecule. In addition, energy is 
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dissipated through heat as fluorophores decay to higher vibrational levels of ground 

state, S0. Further effects also contribute to Stokes shift such as solvent effects, 

reactions within the excited state, energy transfer and forming complexes [3]. 

For fluorescence sensing, the most important properties are the quantum yield and 

fluorescence lifetime, which can be defined through radiative (fluorescence) and 

non-radiative decay (Stokes effects) rates. Quantum yield, Q is a ratio showing the 

number of photons emitted compared to the number of photons absorbed and is 

calculated through equation 7.1 

Q=
γ

r

γ
r
+γ

nr

     …7.1

         

Where γr and γnr are the radiative and non-radiative decay rates. Due to non-

radiative decay, the quantum yield will never be unity. However, some fluorescent 

molecules have quantum yields close to 1, such as fluorescein with reported yields 

greater than 0.9 [4]. The fluorescence lifetime, τ also known as the excited state 

lifetime defines the time between absorption of photon and subsequent emission of 

fluorescent light. It is the time available for the fluorescent molecule to interact 

with the surrounding environment and is described by the inverse sum of excited 

state depopulation processes as shown in equation 7.2: 

τ=
1

γ
r
+γ

nr

     …7.2 

The use of fluorescent based sensors for detection of biological and chemical 

molecules has been a popular area of research for over two decades[5]. 

Fluorescence based sensing applications use fluorophores as molecular probes, 

either through use of dyes which are bio-compatible with specific analytes or 

through use of functional groups. Adhering surface functional groups to structures 

such as latex beads containing fluorescent dyes [6] allow for complementary 

binding events to occur and be detected. In both setups, the detection mechanism 

is due to the effect of binding events on the fluorophore properties. This can be seen 

as either an increase in quantum yield i.e. increased fluorescence intensity or a shift 

in the spectral characteristics (absorption/emission wavelengths). 
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Fluorescent sensors can be utilised for diagnostic, biological and chemical sensing 

applications [7]. However, they are currently limited by the detection of 

fluorophores which depend on the quantum yield (intensity) and photostability of 

the molecule [8][9]. One method of changing the fluorophore properties is the 

introduction of metallic nanostructures in the vicinity, affecting both quantum yield 

and fluorescence lifetimes through plasmon enhanced fluorescence (PEF). 

7.1.2 Plasmon Enhanced Fluorescence  

Plasmon enhanced fluorescence (PEF) involves the enhancement of fluorescent 

signal due to the proximity of fluorescent molecules to coinage metal nanoparticles 

and surfaces. Interactions between the excited state fluorophores and surface 

plasmons can boost quantum yields, photostability and reduce fluorescence 

lifetimes. Although PEF is considered an emerging technique, the underlying 

theory has been attributed to research in the 1980s [10], and the phenomena can be 

described through three mechanisms as shown in figure 7.2. The mechanisms can 

be divided into constructive PEF interactions, near field enhancement (NFE) and 

radiative decay engineering (RDE) and the destructive resonant energy transfer 

(RET). 

 

Figure 7.2: The Three Mechanisms Involved in Plasmon Enhanced Fluorescence (PEF) 

(adapted from [9]) 
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Near field enhancement (NFE) occurs due to the plasmonic behaviour of metal 

nanostructures which increase the local field experienced by the fluorescent 

molecule. Coupling of incident light with localised surface plasmons on the surface 

of the nanostructure produce areas of increased field intensity with spatial 

dependence on size, shape and spacing of nanostructures. Near field enhancement 

caused by the plasmon-light interactions is often referred to as the “lightening rod 

effect” [10], where nanostructures behave as nanoantennas. 

When the LSPR wavelength is close to the excitation wavelength of the fluorescent 

molecule, NFE occurs due to the resonant plasmonic oscillations. The fluorescent 

molecules can then effectively couple with the excited plasmons and 

electromagnetic field, increasing emission intensity through an enhanced excitation 

rate [8][11]. However, NFE also occurs due to the presence of “hot-spots”, areas of 

increased field intensity which typically occur at edges, corners and within narrow 

gaps [12][13][14]. Hot-spot strength is typically independent of resonance, with 

enhancements occurring at various wavelengths and positions throughout a 

nanostructured surface. They provide an additional avenue for increased intensity 

and favourably changing fluorescent molecule excitation and emission properties.  

Resonance energy transfer (RET) is also referred to as Förster/Fluorescence 

resonance energy transfer (FRET) or plasmon-enhanced/plasmon-coupled FRET 

(PE/PC-FRET). Non-radiative energy transfer occurs through a Förster acceptor-

donor interaction, where an excited donor molecule transfers energy through non-

radiative dipole-dipole coupling to an acceptor [15]. In PEF, Förster energy transfer 

occurs between the excited fluorescent molecule and plasmons on the surface of 

the nanostructure. The efficiency of the mechanism is distance dependent (d-6), with 

quenching of the fluorescent signal for small fluorescent molecule-nanostructure 

distances (~0-5nm [8]).  

Finally, the metal nanostructures can modify the radiative decay rates of fluorescent 

molecules in a process known as radiative decay engineering (RDE). Interactions 

between the excited state fluorescent molecules and plasmons induce additional 

plasmons which emit far-field radiation [16]. Emissions from the fluorescent 

molecules and induced plasmons are indistinguishable [17], with some publications 

referring to the coupled system as a plasmaphore[18]. The RDE interactions within 
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the coupled system result in reduced fluorescent lifetimes, increased radiative 

decay rates and enhanced fluorescent intensities.  The ability to change radiative 

decay rates is of significant interest as they are typically considered constant in 

many setups, with only a change in refractive index affecting the rate [19]. 

Considering the effect of each of these mechanisms, the equation describing the 

fluorescent quantum yield (7.1) becomes equation 7.3: 

Q
m

=
γ

r
m/γ

r
0

γ
r
m γ⁄

r

0
+γ

abs
m γ

r
0+(1-Q0) Q0

⁄⁄
       …7.3 

Where γr
m and γr

0 are the radiative rates of the fluorescent molecule in the presence 

of the metal nanostructure and in isolation and the energy absorbed by the 

nanostructure is given by γabs
m.  The quantum yield of an isolated fluorescent 

molecule, Q0 (equation 7.1) can be substituted to simplify equation 7.3 to equation 

7.4: 
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     …7.4 

Where γnr
0 is the non-radiative decay rate of the isolated fluorescent molecule. The 

PEF lifetime, τm is then given by equation 7.5: 

τm=
1

γ
r
m+γ

abs
m +γ

nr
0

     …7.5 

7.1.3 Literature Review & Key Findings  

Current publications show the distance dependence of PEF enhancements, 

validating the existence of the “quenching zone” from 0-5nm, with increasing 

enhancements at separations greater than 5nm [8]. With increasing distance, 

enhancement decreases as the fluorescent molecule is not close enough to interact 

with the nanoparticle (outside the LSPR decay length). This has been shown both 

experimentally [20] and through analytical and computational modelling, where 

fluorescent molecules are approximated as dipole transmitters [21]. 

The effect of spectral overlap of the fluorescent molecule and LSPR resonance has 

also been investigated. In chapter 6, the local field distributions within the nanorod 

array were wavelength dependent. Therefore, a nearby fluorescent molecule would 
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either experience quenching or enhancement at a specific wavelength. Chen et al 

found that the emitted fluorescent intensity was increased for silver nanoparticle- 

fluorescent dye interactions where the nanoparticle resonance peak was 40-

120meV greater than the emission wavelength [22]. 

To measure the effect of nanoparticles on the surrounding field, the field 

enhancement factor, EF is measured. It the ratio of the local electric field, E to 

incident electric field, E0 as shown in equation 7.6. 

EF=
|E|2

|E0|2
     …7.6 

Field enhancement can vary with size, shape and composition of nanostructured 

media used. Bauch and colleagues report that spherical nanoparticles, nanoholes 

and nanodisks have the smallest EFs  (~10), while enhancements of ~102 or more 

are possible for silver bow tie arrays, gold nanoparticle dimers and cylindrical 

nanoparticle arrays [16].  This difference in enhancement factor is likely due to the 

presence of sharp edges and corners in the latter systems, producing intense hot-

spots [23]. 

Typical applications from literature focus on the use of PEF for biosensing and 

molecular detection, particularly DNA. Vertical silver nanorods fabricated using 

glancing angle deposition (GLAD) were used to increase fluorescence signal for 

the study of a DNA microarray [24]. A maximum enhancement factor of   

approximately 200 was reported for a substrate with nanorods of height 500nm 

when compared to the same reaction on standard glass and amine substrates. 

Touahir and colleagues utilise randomly sized gold, silver and gold-silver 

nanoparticles (achieved through annealing  of a thin film) on a glass substrate 

coated with a silicon-carbon alloy for the real-time detection of DNA hybridization 

[25]. While an enhancement factor was not stated, the detector was able to monitor 

the reactions in real-time at concentrations of 5fM. 

Finally, the nanorod array chips utilised in this research was modified by Damm 

and colleagues with silicon spacer layers attached to the top of the nanorods [26]. 

The spacer layers of thickness 30nm prevented fluorescent molecules from 

attaching to the nanorod surface, and the setup showed a fluorescent signal 

enhancement of 3.5 for Rhodamine 6G. This result was achieved for nanorods not 
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immersed in solution but taken in air where the resonant peak matches the 

excitation/ emission wavelengths of the dye. However, nanorods in air are typically 

not vertical and instead quasi-standing (even with the addition of the silicon layer 

tops) which will affect the plasmonic properties of the array chip. 

7.2 Methods  

7.2.1 Optical Characterisation  

Initially, nanorod array chips were chosen based on their resonant properties, 

obtained through previous in-situ optical transmission measurements during 

electrodeposition. Table 7.1 summarises the resonant peaks of the selected chips.  

Sample Resonant Peak Position (nm) 

AM1107_5 C3 640 

AM1108_4 B2 660 

JMPC1105_8 B4 650 

AM1108_11 A5 645 

AM1106_1 B4 625 

JMPC1104_4 A11 660 

AM1108_2 B10  650 

AM1108_11 B4 645 

Table 7.1: Measured Resonant Peak Positions of PEF Samples 

The chips were then characterised through use of a scanning electron microscope 

(SEM). Images are produced in the SEM by bombarding the sample with high-

energy electrons which interact with surface molecules. X-rays, secondary 

electrons (ejected from the sample) and backscattered electrons produced through 
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these interactions are then detected, providing information on the topography and 

composition sample. All SEM images taken within this work utilised an 

accelerating electron voltage of 15kV. Images were taken at magnifications of 

15,000, 25,000 and 50,000x for each sample before the sample stage was tilted to 

45 degrees to view length of nanorods as shown in figure 7.3 below. 

 

Figure 7.3: SEM Image of Sample AM1106_1_B4 at Magnification of 50,000x and Stage Tilt 

of 45º 

The resultant images of each sample were used to determine average nanorod array 

dimensions (measured using ImageJ software[27]) and associated errors as shown 

in table 7.2. 
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Sample Diameter (nm) Height (nm) Centre-to-Centre 

Spacing (nm) 

AM1107_5 C3 34.98 ± 0.16 194.61 ± 5.16 78.56 ± 2.48 

AM1108_4 B2 37.67 ± 0.15 193.07 ± 3.70 86.98 ± 3.52 

JMPC1105_8 B4 39.78 ± 0.17 275.37 ± 7.15 85.82 ± 4.23 

AM1108_11 A5 40.00 ± 0.16 192.75 ± 4.13 89.39 ± 4.63 

AM1106_1 B4 38.70 ± 0.18 198.90 ± 5.20 82.11 ± 4.35 

JMPC1104_4 A11 37.49 ± 0.15 232.33 ± 9.01 84.55 ± 3.77 

AM1108_2 B10 39.35 ± 0.29 275.25 ± 9.62 87.64 ± 3.23 

AM1108_11 B4 36.80 ± 0.14 211.08 ± 5.48 82.48 ± 3.31 

Table 7.2: Average Sample Measurements Obtained from SEM Images 

Diameters could be easily measured from SEM images, however the height and 

centre-to centre spacing measurements could not be measured with the same 

precision. To be able to view the rods with the sample tilted, the alumina template 

was removed which meant that the nanorods were no longer supported and were 

free to position themselves. This resulted in some rods not remaining vertical and 

instead standing at an angle, where these positional angles could not be determined 

from the images. While errors in height due to the 45º tilt of the stage could be 

corrected, the non-vertical rods resulted in increased variation in measurements and 

associated errors. Fortunately, in all samples, there were some fallen rods which 

could be measured directly to determine the general rod height and reduce the 

measurement errors. Centre-to-centre spacing measurements were also affected by 

the rods tilting and creating “tepee-like” structures as they lean together.  Therefore, 

the centre-to-centre spacings showed significant variations so more measurements 

had to be taken to approximately determine an average spacing and minimise error. 



Chapter 7 Investigating Plasmon Enhanced Fluorescence Applications 

 

139 

 

7.2.2 Computational 

Using the FEM nanorod model outlined in Chapter 5, the various nanorod array 

chips were modelled, and the position of simulated peaks compared to the 

experimental resonance data (table 7.3). During these measurements, the 

surrounding media was modelled as alumina to reflect that resonant data was 

collected for nanorods within their alumina template. Simulations used the average 

SEM measurements of each sample for the nanorod unit cell models, however there 

was a discrepancy in resonance position using the average-centre-to-centre spacing. 

The spacing was then varied to match the measured resonance data of each sample, 

with all the simulated spacings within the error bar range of those measured in SEM 

analysis. Table 7.3 shows the difference in measured spacings and simulated 

spacings and the effect on resonance peak position. 

Sample 

Measured 

Centre-to-

Centre 

Spacing (nm) 

Resonance 

Position 

(nm) 

Simulated 

Centre-to-

Centre 

Spacing (nm) 

Resonance 

Position 

(nm) 

AM1107_5 C3 78.56 634 80 640 

AM1108_4 B2 86.98 643 90 660 

JMPC1105_8 B4 85.82 622 90 650 

AM1108_11 A5 89.39 626 93.5 645 

AM1106_1 B4 82.11 610 86 625 

JMPC1104_4 A11 84.55 621 88 660 

AM1108_2 B10 87.64 639 90 650 

AM1108_11 B4 82.48 635 84 645 

Table 7.3: Comparison of Measured Centre-to-Centre Spacings and those Modelled to 

Match Chip Resonance Data 



Chapter 7 Investigating Plasmon Enhanced Fluorescence Applications 

 

140 

 

After the adjustment, the simulated peak positions were in good agreement with 

experimental resonance and the models were then used to determine field 

enhancements within the array for a chip submerged in water (n=1.33). As detailed 

in Chapter 5 (section 5.3.4.1), electric field distributions were obtained through the 

in-built function, ewfd.normE and field enhancements were calculated as the field 

enhancement factor, EF (equation 7.7). The calculated enhancement factor was 

then be used to evaluate the PEF ability of the individual setups with comparison 

to experimental results obtained using fluorescent molecules. 

7.2.3 Experimental 

PEF measurements were completed using a BMG Clariostar microplate reader 

[27][28], where multiple samples were measured in one reading through use of a 

well plate. Each sample was adhered to the bottom of a well alternating with 

empty wells and plain gold samples as shown in figure 7.4. 

 

Figure 7.4: Schematic of Well-Plate Setup 

The different well bottoms were used to determine the effect of each surface 

(nanorod chip, plain gold) on the fluorescent signal, with the blank wells acting as 

a reference. The fluorescent molecules used were 20nm Fluospheres (purchased 

from Thermofisher [6][29]), which are latex beads loaded with fluorescent dye. In 

this experiment, the dye had absorption and emission wavelengths of 660nm and 

680nm respectively and was described by Thermofisher as dark red.  

The stock solution, which contained 5% solids/mL (1.42x1015 microspheres/mL) 

was diluted to 5x10-6% solids/mL (1.42x109 microspheres/mL). This concentration 
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was chosen to prevent aggregation of microspheres, allowing them to be 

sufficiently dispersed in each well plate.  To fill each well and cover the sample 

surfaces, 1mL was required in each (24mL total). 

The filled well plate was then placed in the microplate reader and excitation and 

emission wavelengths chosen through use of two inbuilt monochromators. These 

allow for the separate excitation of the fluorescent molecules and detection of the 

emitted light, with a dichroic mirror used to separate the two lights and reduce 

background noise [28]. Wells were scanned in raster pattern with optical data 

obtained for each. Finally, the measurements were repeated twice (three 

measurements in total) to calculate an average and spot anomalous measurements. 

7.3 Results and Discussion  

The maximum field enhancement was simulated throughout the unit cell of each 

setup at fluorescent absorption and emission wavelengths. Enhancement factors 

were measured in xz and yz planes in intervals from 0-20nm from the surface of 

the nanorod. Additionally, field enhancements along the top of the rod were also 

determined and are shown in table 7.4. 
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 Absorption= 660nm Emission= 680nm 

Sample  EF in XZ 

Plane 

EF in YZ 

Plane 

EF in XZ 

Plane 

EF in YZ 

Plane 

AM1107_5 C3 3.61 1.96 0.99 0.72 

AM1108_4 B2 3.67 3.39 0.97 0.71 

JMPC1105_8 B4 3.97 3.77 1.28 0.80 

AM1108_11 A5 3.75 3.45 0.97 0.70 

AM1106_1 B4 3.75 3.48 1.05 0.72 

JMPC1104_4 A11 3.76 3.47 1.11 0.77 

AM1108_2 B10 3.96 3.76 1.26 0.80 

AM1108_11 B4 3.72 1.90 1.05 0.75 

Table 7.4: Maximum Enhancement Factors, EF along Top of Nanorod at 

Absorption/Emission Wavelengths (660nm and 680nm) in XZ and YZ Planes  

Enhancement factors, EF at the top of the nanorods are greatest at absorption 

wavelengths in comparison to emission wavelengths, which is beneficial for 

enhanced excitation of fluorescent molecules. Samples JMPC1105_B4 and 

AM1108_2 B10 have the greatest EF values in both xz and yz directions, but all 

samples have similar factors in xz direction. In yz, samples AM1107_5 C3 and 

AM1108_11 B4 have reduced enhancement in the yz plane in comparison to the xz 

direction. However top of rod enhancement are focussed on a smaller area in 

comparison to enhancements within the array which encompass the length of the 

rods. The EF was determined throughout the unit cell, starting at the surface of the 

nanorod side and moving outwards to 20nm in increments of 2.5nm. All EF data 

obtained for this analysis can be found in Appendix B, but the results are 

summarised below.   
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The maximum field enhancements occur for sample AM1107_5 C3, with EF values 

of 29.92 and 34.61 in xz planes for 660nm and 680nm respectively. However, these 

enhancements occur at a distance of 2.5nm from the surface of the nanorod. 

Similarly, the maximum field enhancements in the yz plane also occur for 

AM1107_5 C3 at a distance of 2.5nm from surface with 21.12 and 24.46 for 660 

and 680nm respectively. This increased field enhancement within the quenching 

zone is likely to result in increased FRET, reducing the measured fluorescence 

intensity from this sample. Considering only field enhancements at distances of 

5nm or greater, the maximum EF values are significantly smaller, with EF values 

ranging from 2.98 to 0.57 in the xz plane and 1.5 to 0.75 in the yz plane. EF values 

smaller than 1 correspond to a reduction of the initial field in these areas and are 

likely to dampen fluorescent signal within these areas. Based on the model results, 

a small enhancement factor of 2 is possible for the majority of samples, provided 

that the fluorescent molecules are within 5-10nm from the nanorod surface. These 

results were then compared to experimental enhancements obtained from 

measuring the fluorescent signal from samples in the well plate. The fluorescent 

signal measured from fluospheres in blank wells was averaged and compared to 

those from blank gold and nanostructured samples. Enhancement factor, EF was 

measured according to equation 7.8: 

 EFexperimental=
SignalSample

SignalBlank

                                                                               …7.8 

Where Signalsample is the fluorescent signal measured from the blank or 

nanostructured gold samples and Signalblank is the averaged signal from fluospheres 

in the blank well plates. The resultant enhancement factors for the gold substrates 

are given in table 7.5. 
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Well-plate 

Position 

Sample Enhancement Factor 

(Signalsample/Signalblank) 

A1 AM1108_11 B4 1.89 ± 0.85 

A3 Blank Gold 3.18 ± 0.28 

A5 AM1106_1 B4 0.48 ± 0.92 

B2 AM1108_4 B2 0.68 ± 0.92 

B4 AM1107_5 C3 4.87 ± 0.19 

B6 Blank Gold 7.80 ± 0.24 

C1 AM1108_11 A5 19.17 ± 2.15 

C3 Blank Gold 0.38 ± 0.80 

C5 AM1108_2 B10 2.35 ± 0.28 

D2 JMPC1105_8 B2 4.80 ± 1.92 

D4 JMPC1104_4 A11 20.15 ± 6.16 

D6 Blank Gold 7.34 ± 2.18 

Table 7.5: Effect of Gold Substrates on Fluorescent Signal from 20nm Fluospheres 

Calculated enhancement factors for AM1106_1 B4, AM1108_4 B2 and Blank 

Gold (position C3) are less than 1 and correspond to samples which peeled during 

testing. The peeling of samples typically occurred during pipetting of fluosphere 

solutions into the well plates. In general, there is good agreement between 

experimental and simulated results with the majority showing a greater 

enhancement than expected, with EF values in the range of 2-5. However, two 

samples show significantly greater enhancements than expected from simulations, 

with AM1108_11 A5 and JMPC1104_4 A11 achieving EF values of approximately 
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20. This discrepancy between experimental and simulated results is likely due to 

limitations of the model, due to the approximations detailed in Chapter 5. In 

addition, the model only considers the field enhancements surrounding the nanorod 

whereas interactions between the nanorod and fluorescent molecules would also 

need to be considered. Despite the simplified setup, simulations provide 

conservative expectations for PEF enhancements and would be suitable for initial 

setup investigations. 

Table 7.5 also shows that blank gold samples show field enhancements typically 

greater than those obtained from the gold nanostructured surfaces. This could be 

due to sub-optimal positioning of the fluorescent molecules with respect to the 

quenching zone surrounding nanorods. The samples used within this investigation 

did not have a SAM, which may have kept fluospheres away from the surface by a 

few nanometres. Additionally, the setups used in this investigation were chosen 

based on the overlap between resonance and fluorescent spectra. However, this may 

not be the most significant factor in determining optimal PEF setups. Figure 7.5 

shows a comparison of maximum field enhancement to resonance spectra for 

sample, JMPC1105_8 B4 at a distance of 5nm from surface. 

 

Figure 7.5: Comparison of Simulated Resonance Spectra and Variation of Maximum Field 

Enhancement (XZ plane) at a Distance of 5nm from Surface for JMPC1105_8 B4 Simulated 

Setup in Water 

Figure 7.5 shows that the maximum field enhancement does not align with the 

resonant peak of the setup in water, with maximum field enhancement occurring at 

720nm and the resonant peak at 580nm. It is likely that the existence of hot-spots 
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at specific wavelengths is more crucial for PEF than spectra-matching. Therefore, 

future investigations should focus on simulating samples to determine the position 

of maximum field enhancements and use this data as a preliminary match to the 

wavelength properties of a specified fluorescent molecule.  

7.4 Conclusion  

In this chapter, the use of gold nanorod array chips for PEF applications was 

investigated. Initially, samples were characterised through use of SEM and using 

this information were then computationally modelled to determine the associated 

field enhancements form each setup. The simulated data was compared with 

experimental results, obtained through addition of fluorescent molecules to well-

plates with samples adhered to the bottom of specific wells. The fluorescent signal 

was them recorded using a microplate reader and compared with signals from 

empty wells and others containing blank gold.  

The initial results are promising, with measured enhancements were in general 

agreement with what was expected from simulations, with most setups actually 

exceeding what was expected. The simulated enhancements were in the range of 2-

5 which correlated with most of the experimental results. Samples JMPC1104_4 

A11 and AM1108_11 A5 achieved EF values of around 20, with differences likely 

due to limitations of model including approximations used and that simulated 

enhancements could only consider NFE PEF mechanisms. Therefore, the model 

can be used as an initial guide to determine the field enhancements from a setup, 

producing a conservative result, despite the model limitations.  

The work described in this chapter partly meets the specified objective in chapter 

1, however further work is required as only preliminary investigations were 

completed. Future work should investigate a wider range of nanorod samples, 

focussing on matching simulated field enhancements rather than resonant data with 

the fluorescent wavelengths. Previous literature has reported PEF enhancement 

from nanorods; however, none have utilised a vertically aligned array surface as 

detailed here within a well-plate setup. In addition to knowledge gained from the 

initial experimental results, the simulated enhancement plot in figure 7.5 shows that 
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plasmonic resonance may not be the most significant factor when considering 

nanostructures for PEF. Previous publications have focussed on spectra-matching 

nanostructures with fluorescent molecules, which may not be as useful as hot-spot 

simulation for compatible PEF setups. 
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Chapter 8                                          

Summary and Future Work 

 

8.1 Summary 

This thesis encompasses investigations into the optical properties of a gold nanorod 

array surface and its potential uses in a surface plasmon based optical sensor.  

Initially, a prototype LSPR biosensor where the surface acted as a sensing platform 

was evaluated. One half of a protein binding pair was immobilised on the surface 

of the gold nanorod chip and was used the complementary protein in solution.  

Binding events were detected through measuring the changing signal from the 

surface and this data was used for binding kinetics analysis in GraphPad Prism[1]. 

Three protein binding investigations were completed using the setup; Lysozyme 

and anti-Lyoszyme, Trastuzumb (Herceptin) and HER-2 and immunoglobulin, IgG 

and Proteins A and G. Initial results show the surface is capable of detecting 

binding interactions and giving real-time binding kinetics data, with calculated 

values comparable to those quoted in theory and publications.  

The work then focussed on computational modelling of the surface using finite 

element method modelling in COMSOL Multiphysics software[2]. Extensive 

simulations were performed to investigate the effect of surface properties on the 

optical response and determine the optimal setup for improved sensitivity in the 

LSPR device. Simulations also considered the effect of diameter-spacing ratios and 

defects which can occur during fabrication.  A setup consisting of nanorods of 

35nm diameter, 200nm height and 40nm spacing was most sensitive to small 
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refractive index changes, however fabrication of the required diameter and spacing 

would not be viable. Therefore, an alternative setup of nanorod diameter of 20nm, 

height 150nm and 60nm spacing was better suited for fabrication.  

Simulated field distributions showed local hotspots which can be used for an 

alternative sensing mechanism, through enhancement of fluorescent signal in 

plasmon enhanced fluorescence (PEF). Inclusion of nanostructures in well-plates 

allow the fluorescent signal from PEF setups to be analysed using a microplate 

reader. Prefabricated chips were characterised, and the measured dimensions used 

to produce models of each surface. Simulations of each chip were used to determine 

the location of the expected field enhancement and potential viability for PEF 

applications. Results were compared to experimental data, where chips in well-

plates were used to boost fluorescent signal from fluorophores in solution. In 

general, the models were in good agreement with experimental results, providing a 

conservative guide to enhancement factors.  

The investigations detailed partly meet the initial objectives outlined for the project. 

The LSPR sensor setup was evaluated for detection of the protein binding 

interactions, however due to fabrication issues and chip stability the sensitivity of 

the device could not be fully determined. These issues will need to be solved before 

the limit of detection for each binding pair can be found. Extensive simulation work 

was completed through use of the FEM model, with results in good agreement with 

experimental data. However, its use as a guide was not fully investigated for either 

the LSPR or PEF setups. The final objective focussed on PEF applications of the 

gold nanorod surfaces. Preliminary results show good agreement between 

simulation and experimental work, however investigating additional nanorod array 

dimensions is necessary. Therefore, the aim of the work was also partly met, with 

two potential mechanisms for providing a small, easy to use and cost-effective 

optical sensor. Initial results show both LSPR and PEF devices are possible, 

however further testing is required to determine which is the most suitable for 

diagnostic applications. 
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8.2 Future Work 

While initial results obtained during this research are promising, further work is 

required to improve the sensing mechanisms and evaluate the model as a 

fabrication guide. The required investigations, referring to both the LSPR biosensor 

and PEF setups, are described below. 

8.2.1 LSPR Biosensor 

Initially, the optimal setup predicted from the model should be fabricated and the 

resonance spectra and sensitivity (water to ethanol change) measured. Comparison 

of these results will confirm or dispute the model predictions and determine 

whether improvements are required for improved model accuracy. 

Upon confirmation of the optimal setup of nanorod chip, the surface will then be 

used to monitor protein-binding interactions within the biosensor setup. A 

sufficiently large set should be used, to determine discrepancies between batches 

and calculate associated errors within reproducibility of measurement. 

Finally, the composition of the self-assembled monolayer should be evaluated to 

determine whether it can be optimised. Ratios of hydroxyl and carboxyl PEG-thiols 

will be investigated through use of a MATLAB script, to determine if varying 

values could efficiently space binding interactions throughout the chip. Improving 

the self-assembled monolayer may result in significantly improved binding data 

due to improved immobilisation resulting in more available binding sites. It may 

also result in improved non-specific binding and increased reproducibility of 

results.  

8.2.2 PEF Setup 

Results obtained in chapter 7 were for a small sample set, with little variation 

between measured nanorod array geometries. Based on conclusions drawn from the 

model detailed in chapters 5 and 6, samples should be fabricated based on 

simulations which show greater field enhancements such as reduced array spacings 

or larger aspect ratio nanorods. In addition, other nanoparticle shapes should also 
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be modelled and ultimately tested. For example, nanoshell structures may produce 

greater field enhancements at a suitable distance from the surface. Current evidence 

shows, that nanoshell particles result in a significantly stronger enhancement than 

their solid nanoparticle counterparts[4]. This may be due to hybridisation of 

plasmonic modes between the void inside the shell and surrounding metal layer[5]. 
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Appendix A:  Transfer Matrix Method 

This chapter describes the modified Transfer Matrix Method (TMM) utilised to 

model the effective medium approximation within the multilayer setup. A brief 

summary of TMM is detailed and the MATLAB script utilised is given. 

A.1   Transfer Matrix Method  

The TMM models wave propagation through a multilayer stack. The stack is a one-

dimensional system, which is infinite and uniform in x-y plane and only the 

thickness of each layer is considered. As the wave propagates through each layer, 

the wavevector is calculated and used to update a global, system transfer matrix. 

The reflection and transmission coefficients can then be written in terms of this 

system matrix. However, as wavevectors can be real, imaginary or complex the 

propagating waves can be considered either oscillatory, exponentially decaying or 

a combination of both. An inherent property of the original TMM is to consider all 

waves forward-moving, however in reality reflected waves will be backward 

travelling. As they are erroneously treated as forward moving, any exponentially 

decaying fields will become exponential growth and lead to numerical instability 

[1]. Therefore, it is necessary to modify the TMM to allow for backward wave 

propagation. 

This was achieved through consideration of the Poynting flux of propagating modes 

within the multilayer structure and the introduction of scattering matrices. As each 

layer will have two forward and two backward travelling waves (see fig.4.2), the 

eigenmodes associated with these different directions can be grouped and 

calculated separately. This is achieved through computation of P and Q matrices 

which describe the electromagnetic wave propagation in terms of Maxwell 

Equations as detailed in equations A.1a and A.1b. 
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d

dz′
[
Ex

Ey
] = P [

H̃x

H̃y
]  …A.1a 

d

dz′ [
H̃x

H̃y
] = Q [

Ex

Ey
]  …A.1b 

Where Ex and Ey and Hx and Hy are the electric field and magnetic field components 

in x and y directions respectively. P and Q are given by equations A.2a and A.2b 

respectively: 

P=
1

εr
[

k̃xk̃y μ
r
εr-k̃x

2

k̃y

2
-μ

r
εr -k̃x

2
k̃y

2
]  …A.2a 

Q=
1

μr

[
k̃xk̃y μ

r
εr-k̃x

2

k̃y

2
-μ

r
εr -k̃x

2
k̃y

2
]  …A.2b 

Where �̃� and 𝑧′ notation represents normalised wavevectors and z components with 

respect to the incident k-value. Use of PQ matrices allows for any sign convention 

for wavevector direction as each k-value is multiplied by another, hence erasing the 

sign. Multiplication of the P and Q vectors together gives a diagonal matrix, Ω2, 

given by equation A.3, which can then be used to determine the eigenvalues and 

vectors through equation A.4 and A.5 below. 

Ω
2
=PQ  …A.3 

λ=Ω  …A.4 

V=ΩQ  …A.5 

Where λ is the eigen-value matrix and V gives the eigen-vectors of the magnetic 

field. These components are calculated for each layer in the sample and used to 

determine the individual scattering matrices and update the global scattering 

matrix. 

The scattering matrix, denoted as S, describes wave propagation at the interfaces 

between the layers. Figure A.1 shows how four waves are present in each matrix, 

representing transmission and reflection in two directions. 
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Figure A.1: Schematic of Wave Propagation and Scattering Wave Matrix for a Single Layer 

A global scattering matrix is initialised, which describes propagation through the 

multilayer sample. As the sample is not in free space, this matrix is linked to the 

surrounding environment through use of gap media. The sample is sandwiched 

between two semi-infinite half-spaces representing the local environment 

surrounding the nanorods and the bottom of the glass substrate respectively as 

shown in figure A.2. 

 

Figure A.2: Schematic of TMM Multilayer Structure for Gold Nanorod Array Chip 

S-matrices were then computed for each layer within the sample using the 

following equations A.6a and A.6b 

 s11=s22=D-1(XBA
-1

XA-B)                                                                         …A.6a 

s12=s21=D-1X(A-BA
-1

B)  ... A.6b 

Where A, B, D and X are parameters given by equations A.7-A.10 respectively: 

A=I+V-1Vg  …A.7 
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B=I-V-1Vg  …A.8 

D=A-XBA
-1

XB  …A.9 

X=eλk0L  …A.10 

Where L is the thickness of the layer, k0 is the incident wavevector and 𝜆 is the 

eigenvalue matrix for each layer. V is the eigenvector matrix for the magnetic field 

(equation A.5) in the layers and Vg is the matrix for the gap media and I is the 

identity matrix given by equation A.11: 

I= [
1 0

0 1
]  …A.11 

The global matrix was then updated using each layer’s s-matrix through use of the 

Redheffer star product [2] given in equations A.12: 

S
(AB)

=S
(A)⨂S

(B)
  …A.12. 

Which can be applied to each boundary, given by equations A.13a-d: 

S11
(AB)

=S11
(A)

+DS11
(B)

S21
(A)

  …A.13a 

S12
(AB)

=DS12
(B)

  …A.13b 

S21
(AB)

=FS21
(A)

  …A.13c 

S22
(AB)

=S22
(B)

+FS22
(A)

S12
(B)

  …A.13d 

Where D and F are defined by equations A.14 and A.15 respectively: 

D=S12
(A)

[I-S11
(A)

S22
(A)

]
-1

  …A.14 

F=S21
(B)

[I-S22
(A)

S11
(B)

]
-1

  …A.15 

It is necessary to ensure that the global scattering matrix values are not reset the 

value before using it. This becomes important when linking the global multilayer 

sample s-matrix with the s-matrices in the gap media as given by equations A.16a 

and b: 

S
global

=S
1⨂S

global
  …A.16a 
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S
global

=S
global⨂S

2
  …A.16b 

Where S1 and S2 are the scattering matrices in the local environment and glass 

substrate respectively. The global scattering matrix parameters, S11 and S21 is the 

used to give the reflected and transmitted field components as shown in equations 

A.17a and A.17b respectively: 

er= [
Ex,r

Ey,r
] =S11esrc  …A.17a 

et= [
Ex,t

Ey,t
] =S21esrc  …A.17b 

Where esrc is given by the polarisation vector of the incident wave and Ex and Ey 

are the transverse field components. The longitudinal field components, Ez are 

given by equations A.18a and A.18b: 

Ez,r=-
k̃xEx,r+k̃yEy,r

k̃z,r
  …A.18a 

Ez,t=-
k̃xEx,t+k̃yEy,t

k̃z,t
  …A.18b 

Where the normalised wavevector z-components for reflection and transmission 

are given by equations A.19a and A.19b: 

k̃z,r=√μ
r,1

εr,1-k̃x

2
-k̃y

2
                                                                                      …A.19a 

k̃z,t=√μ
r,2

εr,2-k̃x

2
-k̃y

2
                                                                                       …A.19b 

Where μr,1εr,1 are the relative permittivity and permeability in the first gap media 

(surrounding environment) and μr,2εr,2 are the values in the second gap media (glass 

substrate). Finally, the reflectance and transmittance through the setup can be 

calculated as shown in equation A.20 and A.21: 

R=|E⃗⃗ r|
2
  …A.20 

T=|E⃗⃗ t|
2 Re[

kz,t

μr,2
]

Re[
kz,inc

μr,1
]
  …A.21 
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Where |E⃗⃗ r| and |E⃗⃗ t| are the absolute values of the reflected and transmitted fields 

determined through summation of transverse and longitudinal components. The 

plasmonic spectra was then found using the relation given in equation A.22: 

Extinction=-log
10

(T)  …A.22 

The MATLAB code used to implement this modified TMM was created following 

the notes given in [3]. 
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Appendix B: Plasmon-Enhanced Fluorescence 

Simulation Data 

B.1   XZ Plane 

Tables B.1 and B.2 give simulated enhancement factors for setups in the xz plane 

at 660nm (fluorescence absorption). 

Sample 

E/E0 

0 2.5 5 7.5 10 12.5 15 17.5 20 

AM1107_5 C3 4.76 7.85 2.64 2.17 1.89 1.71 1.56 1.48 1.43 

AM1108_4 B2 4.75 3.39 2.63 2.22 1.93 1.72 1.57 1.47 1.40 

JMPC1105_8 B4 5.32 3.77 2.97 2.53 2.21 2.00 1.86 1.75 1.67 

AM1108_11 A5 4.82 3.45 2.73 2.29 1.98 1.78 1.62 1.52 1.44 

AM1106_1 B4 4.90 3.48 2.74 2.31 2.01 1.80 1.64 1.54 1.48 

JMPC1104_4 A11 4.96 3.47 2.76 2.30 2.02 1.81 1.68 1.58 1.50 

AM1108_2 B10 5.29 3.76 2.98 2.49 2.21 1.98 1.85 1.73 1.66 

AM1108_11 B4 4.87 3.44 2.71 2.26 1.97 1.78 1.62 1.54 1.46 

Table B.1: Simulated Maximum Field Enhancement for PEF Samples in XZ Plane for 

Distances of 0-20nm from Surface of Nanorod Side 1 at 660nm 
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Sample 

E/E0 

0 2.5 5 7.5 10 12.5 15 17.5 20 

AM1107_5 C3 4.46 29.92 2.40 1.93 1.80 1.68 1.61 1.53 1.48 

AM1108_4 B2 8.58 4.08 2.18 2.00 1.84 1.73 1.63 1.56 1.50 

JMPC1105_8 B4 12.76 2.45 2.21 2.04 1.91 1.80 1.72 1.67 1.63 

AM1108_11 A5 3.08 2.56 2.30 2.01 1.85 1.73 1.64 1.57 1.50 

AM1106_1 B4 11.31 3.03 2.23 1.97 1.82 1.71 1.62 1.55 1.49 

JMPC1104_4 A11 3.02 3.82 2.06 1.87 1.74 1.64 1.57 1.51 1.46 

AM1108_2 B10 11.18 2.46 2.21 2.04 1.90 1.79 1.72 1.66 1.62 

AM1108_11 B4 4.69 5.66 2.09 1.90 1.76 1.65 2.09 1.50 1.46 

Table B.2: Simulated Maximum Field Enhancement for PEF Samples in XZ Plane for 

Distances of 0-20nm from Surface of Nanorod Side 2 at 660nm 

Tables B.3 and B.4 give the field enhancements simulated for all setups in the xz 

plane at 680nm (fluorescence emission). 
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Sample 

E/E0 

0 2.5 5 7.5 10 12.5 15 17.5 20 

AM1107_5 C3 0.31 1.87 0.59 0.70 0.73 0.77 0.82 0.88 0.96 

AM1108_4 B2 0.48 0.63 0.60 0.60 0.59 0.61 0.66 0.71 0.78 

JMPC1105_8 B4 0.58 0.68 0.67 0.61 0.60 0.62 0.67 0.73 0.80 

AM1108_11 A5 0.49 0.62 0.65 0.58 0.57 0.60 0.65 0.71 0.79 

AM1106_1 B4 2.14 0.94 0.83 0.78 0.76 0.79 0.85 0.91 0.98 

JMPC1104_4 A11 0.29 0.61 0.59 0.60 0.59 0.61 0.65 0.70 0.77 

AM1108_2 B10 0.79 0.71 0.65 0.60 0.59 0.61 0.65 0.71 0.77 

AM1108_11 B4 0.28 0.83 0.65 0.69 0.69 0.72 0.77 0.83 0.90 

Table B.3: Simulated Maximum Field Enhancement for PEF Samples in XZ Plane for 

Distances of 0-20nm from Surface of Nanorod Side 1 at 680nm 
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Sample 

E/E0 

0 2.5 5 7.5 10 12.5 15 17.5 20 

AM1107_5 C3 4.75 34.61 2.54 1.95 1.80 1.70 1.62 1.55 1.49 

AM1108_4 B2 9.61 4.45 2.29 1.99 1.84 1.72 1.63 1.55 1.49 

JMPC1105_8 B4 15.81 2.42 2.18 2.02 1.89 1.80 1.72 1.69 1.64 

AM1108_11 A5 3.27 2.71 2.45 2.10 1.90 1.74 1.64 1.57 1.51 

AM1106_1 B4 12.83 3.23 2.33 2.02 1.86 1.75 1.66 1.59 1.53 

JMPC1104_4 A11 3.45 4.35 2.12 1.89 1.75 1.63 1.56 1.48 1.44 

AM1108_2 B10 13.64 2.42 2.18 2.01 1.88 1.79 1.72 1.67 1.63 

AM1108_11 B4 5.11 6.21 2.25 1.94 1.79 1.68 1.59 1.52 1.47 

Table B.4: Simulated Maximum Field Enhancement for PEF Samples in XZ Plane for 

Distances of 0-20nm from Surface of Nanorod Side 2 at 680nm 

B.2   YZ Plane 

Tables B.5 and B.6 give the field enhancements simulated for all setups in the yz 

plane at 660nm (fluorescence absorption). 
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Sample 

E/E0 

0 2.5 5 7.5 10 12.5 15 17.5 20 

AM1107_5 C3 2.37 20.04 1.36 1.08 0.99 0.93 0.91 0.91 0.91 

AM1108_4 B2 1.87 2.33 1.22 1.11 1.01 0.95 0.91 0.88 0.88 

JMPC1105_8 B4 7.79 1.13 1.13 0.98 0.92 0.91 0.91 0.91 0.91 

AM1108_11 A5 1.83 1.38 1.39 1.21 1.13 1.08 1.04 0.99 0.97 

AM1106_1 B4 2.46 1.64 1.27 1.13 1.04 0.98 0.97 0.97 0.97 

JMPC1104_4 A11 1.80 2.20 1.07 0.98 0.92 0.91 0.91 0.90 0.90 

AM1108_2 B10 6.57 1.18 1.13 0.95 0.91 0.92 0.91 0.91 0.91 

AM1108_11 B4 2.36 3.26 1.16 1.05 0.95 0.95 0.95 0.95 0.95 

Table B.5: Simulated Maximum Field Enhancement for PEF Samples in YZ Plane for 

Distances of 0-20nm from Surface of Nanorod Side 1 at 660nm 

 

 

 

 

 

 

 

 

 

 



Appendix B Plasmon-Enhanced Fluorescence Simulation Data 

 

166 

 

Table B.6: Simulated Maximum Field Enhancement for PEF Samples in YZ Plane for 

Distances of 0-20nm from Surface of Nanorod Side 2 at 660nm 

Tables B.7 and B.8 give the field enhancements simulated for all setups in the yz 

plane at 680nm (fluorescence emission). 

Sample 

E/E0 

0 2.5 5 7.5 10 12.5 15 17.5 20 

AM1107_5 C3 2.13 21.12 1.37 1.08 0.99 0.93 0.91 0.91 0.91 

AM1108_4 B2 1.91 2.31 1.22 1.11 1.01 0.94 0.91 0.88 0.88 

JMPC1105_8 B4 1.65 1.13 1.14 0.99 0.91 0.91 0.91 0.91 0.91 

AM1108_11 A5 1.85 1.38 1.39 1.21 1.13 1.08 1.03 1.00 0.97 

AM1106_1 B4 2.56 1.64 1.28 1.13 1.07 0.98 0.97 0.97 0.97 

JMPC1104_4 A11 1.81 2.19 1.07 0.98 0.92 0.92 0.91 0.90 0.90 

AM1108_2 B10 4.79 1.19 1.13 0.95 0.92 0.91 0.91 0.91 0.91 

AM1108_11 B4 1.85 1.38 1.39 1.21 1.13 1.08 1.39 0.95 0.95 
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Table B.7: Simulated Maximum Field Enhancement for PEF Samples in YZ Plane for 

Distances of 0-20nm from Surface of Nanorod Side 1 at 680nm 

Sample 

E/E0 

0 2.5 5 7.5 10 12.5 15 17.5 20 

AM1107_5 C3 0.51 3.44 0.84 1.13 1.06 0.98 0.95 0.89 0.86 

AM1108_4 B2 0.70 1.14 1.26 1.18 1.06 0.99 0.92 0.86 0.83 

JMPC1105_8 B4 1.08 1.28 1.26 1.10 1.00 0.96 0.89 0.84 0.82 

AM1108_11 A5 1.05 1.43 1.43 1.27 1.17 1.10 1.05 0.96 0.87 

AM1106_1 B4 1.29 1.33 1.34 1.17 1.05 0.97 0.91 0.88 0.83 

JMPC1104_4 A11 0.52 1.25 1.14 1.08 0.96 0.90 0.84 0.78 0.75 

AM1108_2 B10 5.53 1.21 1.24 1.07 0.98 0.91 0.83 0.77 0.77 

AM1108_11 B4 0.45 1.29 1.12 1.12 1.01 0.91 0.83 0.79 0.78 
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Table B.8: Simulated Maximum Field Enhancement for PEF Samples in YZ Plane for 

Distances of 0-20nm from Surface of Nanorod Side 2 at 680nm 

 

 

 

 

Sample 

E/E0 

0 2.5 5 7.5 10 12.5 15 17.5 20 

AM1107_5 C3 2.33 24.46 1.51 1.16 1.07 1.02 0.98 0.95 0.94 

AM1108_4 B2 2.02 2.57 1.32 1.19 1.08 1.01 0.98 0.94 0.92 

JMPC1105_8 B4 1.61 1.30 1.31 1.13 1.04 1.00 0.96 0.94 0.94 

AM1108_11 A5 1.81 1.47 1.48 1.29 1.20 1.15 1.10 1.07 1.04 

AM1106_1 B4 2.85 1.82 1.36 1.21 1.14 1.05 1.01 0.99 0.98 

JMPC1104_4 A11 1.81 2.53 1.21 1.10 1.00 0.94 0.90 0.88 0.88 

AM1108_2 B10 6.97 1.38 1.29 1.09 1.01 0.95 0.94 0.94 0.94 

AM1108_11 B4 1.81 1.47 1.48 1.29 1.20 1.15 0.96 0.96 0.96 


