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ABSTRACT   

 

Plasmonic colour filters are now a well-established technology spanning both optics and 

solid state physics and utilising the latest tools for fabrication at the nanoscale. The 

motivation behind using these devices for manipulating light stems from their unique 

optical properties which cannot be replicated by bulk materials. This new class of 

‘metamaterials’ opens the door to tailoring the optical characteristics of electromagnetic 

fields through a modification of the size and shape of the sub-structures which make up the 

devices. Thee research presented within this thesis describes and demonstrates the 

nanofabrication of arrays of cross-shaped apertures in silver thin-films which constitute 

‘nanopixles’ that act collectively to ‘filter’ the incident wavefield. 

 Chapter 3 of this thesis includes a systematic investigation of the performance of 

plasmonic colour filters fabricated in silver thin films and the relative influence of the 

underlying device geometry. Chapter 4 meanwhile investigates the long-term stability of 

silver plasmonic devices and the use of Diamond-like-Carbon as a cheap, reliable, and 

effective means of passivating the surface of silver plasmonic devices. The modification of 

the structural and electronic properties of thin-films via implantation is a major area of 

research in a number of areas including the electronics industry. In Chapter 5 we investigate 

Ga ion implantation in TiO2 thin films and look at the characterisation of the implanted 

layers optoelectronic properties. Finally, in Chapter 6 the use of bimodal plasmonic colour 

filters in combination with microfluidics for chemical sensing is investigated using self-

assembled monolayers (SAMs). We find that these devices are passively able to detect 

changes in the extent of the SAM owing to their sensitivity to changes in the local dielectric 

properties of the surrounding media. 
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1. INTRODUCTION 

The last few decades has seen a revolution in nanotechnology underpinned by quantum 

mechanics and driven by technological advances in fabrication at the nanoscale [2]. The 

physical behaviour of nanoparticles and nanosized structures tends to be different from that 

of bulk materials owing to the significant increase in the ratio of surface area to volume.  

Recent developments in the field of nanofabrication such as the introduction of Electron 

Beam Lithography (EBL), Focused Ion Bram (FIB), and nanoimprinting have opened up 

new avenues for creating bespoke structures at the nanoscale. These structures can in turn 

be used to generate phenomena such as Surface Plasmon Resonance (SPR) and 

Extraordinary Optical Transmission (EOT). SPR describes the resonant interaction of light 

with free electrons, typically at a metal-dielectric interface [3]. The interaction between 

light and SPR mediated by sub-wavelength structures in thin films was investigated for the 

Photograph of the first metallic 

mesh filter array for visible light 

built in 1962 by Rawcliffe and 

Randall. The filter consisted of 

250-1000 wire meshes per inch 

carefully cemented onto a ring. 

Figure adapted from 

reference[1]. 
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first time during the 1990s. In 1999 it was experimentally demonstrated by Ebbesen et al. 

that transmission of light through an array of sub-wavelength apertures is greater than that 

predicted by classical optics. This was the first reported observation of EOT through thin 

metal films and has since gone on to be exploited for wide range of different applications  

[4, 5]. Two of the most common applications reported for devices exhibiting EOT 

phenomena are colour filtering and chemical sensing [6-10].  

 The use of nanoapertures as the basis for a chemical sensor offers a number of 

advantages including high-sensitivity and the ability to be miniaturised.  As nanofabrication 

techniques have continued to advance more complex apertures and structures have been 

produced resulting in more highly effective manipulation of the EOT phenomenon. The 

optical and electronic properties of plasmonic devices depend on a number of factors 

including geometry and the choice of materials. Another critical factor affecting 

performance is the long-term stability as well as the biocompatibility of plasmonic arrays 

which needs to be considered when engineering plasmonic devices [8-10].  

1.1 The influence of material choice 

The properties of the materials used to construct optical plasmonic devices play a 

significant role in its final performance. The existence of SPR at the interfaces within 

plasmonic devices depends on the fact that one of the materials at the interface has a 

negative permittivity. This property is characteristic of metals and semiconductors. Pure 

metals such as silver and gold are the traditional candidates for plasmonic nanostructures 

owing to the large number of free electrons. Figure 1.1 shows plots of the real and 

imaginary parts of the dielectric functions of some common conductive materials used to 

make plasmonic devices.  
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Figure 1.1 a) Real and b) imaginary parts of the dielectric functions of silver, gold, sodium, 

potassium, and aluminium. Below 207 nm and 326 nm the value of the real part of the 

dielectric function for gold and silver are positive whereas above these values it is negative. 

However, for aluminium, it is negative in that range (UV-Blue). What is striking in these 

plots is the dramatic decrease in the imaginary component of Ag, Na and K for wavelengths 

longer than the blue regions of the spectrum. Gold shows a sharp drop in the imaginary 

component at around 600-750 nm. Adapted from ref [11]. 

 

We see in Figure 1.1 that Au has better performance as a plasmonic device in the Near-

Infrared (NIR) region because of its higher negative refractive index. This results in a larger 

amplitude for the SPR peaks (enhanced local-field) for Au within the NIR region. As a 

result, Au has been used extensively for surface-enhanced Raman scattering (SERS) [12], 

nanoscopy [13], Localized Surface Plasmon Resonance (LSPR) sensing, and plasmon 

waveguides within the infrared regime [14-17]. By contrast, Ag has been used extensively 

in the visible range for applications including as colour filters [18]. Besides differences in 

cost, there are several other significant differences between Au and Ag as materials for 

plasmonic devices. These include the fact that although Ag has superior performance in the 

visible range it degrades much more quickly in air than Au [19]. Additionally, the thickness 
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threshold for fabricating a uniform Au film is only around 1.5-7 nm, whereas it is around 

12-23 nm for Ag [18, 20]. Platinum and palladium are also potential candidates as 

alternative metals for plasmonic devices, owing to their catalytic activity which makes them 

useful for certain chemical sensing applications [21, 22]. 

After Au, Cu has the best conductivity and exhibits plasmonic resonances at around 

600-750 nm within the visible range. Therefore, it is sometimes used as an alternative to 

Au due to its significantly lower cost. However, the surface of Cu rapidly oxidises in air, 

which results in challenges during the fabrication processes. Because only oxide-free 

material exhibits very sharp and narrow SPR resonant peak, the copper surface needs to be 

covered by a thin protective layer [23].   

Along with Ag and Au, it is alkali metals which have the most active free-electron 

behaviour and relatively low losses (energy dissipation) making them viable candidates as 

plasmonic devices. In terms of plasmonic losses Na and K are even better candidates as 

plasmonic materials than Ag and Au. However, due to their extreme reactivity in pure 

elemental form they have, thus far, been largely considered only from a theoretical 

standpoint  [23]. 

 Aluminium is another material which has been considered for plasmonic 

applications, however, although it offers advantages in terms of cost, it also exhibits 

relatively large plasmonic losses for much of the visible range. The inter-band transition in 

Al is a significant contributory factor increasing the imaginary component of aluminium’s 

dielectric constant within the visible and NIR range which impacts its performance. 

However, Al is one of the best materials in the UV and blue range (even better than Ag and 

Au) because of its high negative value in that range [24, 25]. 
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1.2 The influence of device geometry 

Localised Surface Plasmon (LSP) polaritons are generated via the resonant interaction of 

light with individual nanoapertures or nanoparticles, EOT meanwhile, involves the 

collective interaction of multiple nanoapertures fabricated in a thin metallic film. The 

maximum amount of transmission is achieved when the nanoapertures are arrayed 

periodically. The transmission spectrum for such structures which is formed as a result of 

both LSPs and SPs is extremely sensitive to changes in the local dielectric properties of the 

surrounding medium. The performance of these structures as sensors depends on how well-

defined the plasmon resonance peaks are and their full-width-at-half-maximum (FWHM). 

However, detection of changes to the transmission spectrum depends not only on the 

Figure-of-Merit (FOM) for the devices but also on the characteristics of the instrument used 

to measure the spectra. The influence of aperture shape and structure (termed the ‘shape-

effect’ here) on the optical properties of plasmonic devices for some of the most common 

aperture shapes is summarised in section 1.2.1 below. 

1.2.1 Effect of aperture shape 

Due to their ease of fabrication circular apertures aligned in periodic arrays are the most 

common type of plasmonic colour filter. Circular apertures are able to efficiently convert 

electromagnetic radiation into SP resonances because they readily satisfy the 

requirements for momentum coupling. In spite of their ability to easily generate 

plasmons and the simplicity of the design circular apertures also have several limitations. 

The first is that they are not inherently sensitive to polarised light which reduces the 

options available for tailoring the output of the devices. Plasmonic devices based on 

circular apertures are also very sensitive to variations in the hole diameter to periodicity 

ratio which can occur due to small errors in fabrication. For example, for a given 

periodicity if the size of the apertures increases slightly a redshift in the transmitted light 
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is observed whilst if the size of the apertures decreases slightly the peaks are blue shifted  

[26]. In contrast to circular apertures which exhibit poor EOT properties when isolated, 

ring-shaped (annular) apertures can be used as waveguides with excellent SP mediated 

transmission [27-29]. 

Optical transmission through elliptical and circular nanoapertures differs not only 

in terms of their transmission but also in terms of their sensitivity to the polarisation of 

the incident light. When using elliptically shaped nanoapertures a dramatic change in the 

main transmission peak is observed when changing from p to s-polarized light. The 

response of elliptical nanoapertures to polarised light has been studied by monitoring 

their transmitted intensity as a function of the incident polarisation vector.  The p and s 

polarisation transmission ratio are a function of the ellipse aspect ratio (ratio of the major 

and minor axis dimeters); a squared dependence of the SP coupling is observed 

depending on the ellipse aspect ratio [29].  

For square and rectangular-shaped apertures the intensity profile of the 

transmitted light is strongest at the edges. The aspect ratio (width/length) of rectangular 

apertures is a critical factor in determining the coupling between the incident light and 

the LSP modes of the device. As the aspect ratio decreases, a redshift of the resonance 

peak is observed, and the transmission peak broadens. For the square apertures, a 

polarisation dependant output was not observed when they were placed on an array with 

equal periodicity in both directions [30-32]. 

 Cross-shaped apertures (which are used extensively in this thesis) share some 

common elements with the original mesh design (called an “inductive grid”) made by 

Ulrich in the late 1960’s. Ulrich’s mesh filter was made from a 5 𝜇𝑚 thick metal sheet 

with a spacing of 2000 lines per inch. Figure 1.2 shows the transmission spectra of a 
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device based on Ulrich’s mesh grid. The cross-shaped apertures shown have the same 

periodicity in both directions. Compared to the optical filters available at the time, 

Ulrich’s filters offered the advantage of being able to operate over a very broad range of 

wavelengths. However, due to limitations in the fabrication, the construction tolerances 

were poor leading to substantial losses within the filter [33].  

 

 

Figure 1.2 Measured transmission of Ulrich’s mesh filter, the periodicity is defined by 

𝑔 =102 𝜇𝑚, and the cross size and smallest distance between openings as a/g=0.13, and 

b/g=0.06 respectively. The performance of this design was subject to significant losses 

owing to the poor construction tolerances ref [33].  

 

Following the discovery of EOT through sub-wavelength apertures by Ebbsen et al. [4, 

5], a number of follow up papers have studied the transmission properties of cross-shaped 

apertures [34-37].  The earliest designs consisted of two orthogonal rectangular holes 

arranged periodically in the x and y directions on a metal/quartz structure [38-42].  The size 

of the orthogonal rectangular holes could be varied independently and the periodicity 

changes in the x and y directions. The resonant wavelength was determined by the localised 
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charge oscillation around each cross arm. It was found that the transmitted light not only 

had a strong dependence on the size of the individual rectangles but also on the polarisation 

of the incident light. Chen et al. systematically investigated this effect using a range of 

different aperture sizes and by varying the array periodicity in the x and y directions [30]. 

1.2.2 Polarisation sensitive plasmonic devices 

In contrast to the conventional colour filters, which only produce one colour, when the 

nanoapertures, which make up a plasmonic device, have different array periodicities in the 

x and y directions, it is possible to have a degree of control over the colour output. As 

nanofabrication techniques have advanced it has also been possible to control the 

asymmetry of the nanoapertures themselves adding a further layer of polarisation 

sensitivity. The easiest method for varying the plasmon resonances, and therefore the 

colours, which are observed in a plasmonic colour filter with multiple array periodicities or 

asymmetric nanoaperture shapes, is to change the polarisation vector of the incident light. 

By doing this, it is possible to access a much wider (i.e. continuously tuneable) range of 

colours [38, 43, 44]. We here term these types of polarisation sensitive plasmonic colour 

filters as chromatic plasmonic polarisers (CPPs).  

Over the past two decades, researchers have investigated a variety of approaches to 

obtaining a continuously tuneable colour pallet in transmission. However, the majority of 

studies have focused on non-polarization sensitive structures, such as circular holes. In this 

case the colour filtering was performed just by changing the array periodicity, array 

configuration, the angle of the incident light or the substrate thickness [45, 46]. By 

incorporating asymmetric nanoaperture structures, such as crosses – where the arm lengths 

can be varied independently, the flexibility and dynamic range of these devices is 

significantly increased. 
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Figure 1.3a illustrates the localised charge distribution around the cross-shaped 

holes, and 1.3b shows a cross-shaped metallic array used as a chromatic plasmonic 

polarizer (CPP) with active colour ‘pixels’. The associated transmission spectra for this 

device is shown in Figure 1.3c.  The wavelength and polarization-angle dependent 

transmission, 𝑇, through a perforated metallic film is calculated using the following 

relation:  

                         𝑇(𝜑, 𝜆) = 𝑇𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙(𝜆) sin2 𝜑 +  𝑇ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙(𝜆) cos2 𝜑                  (1.1) 

here 𝜑 is the polarization angle, λ is the free space wavelength of the incident light, and 

𝑇𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙(𝜆) and 𝑇ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙(𝜆) are the transmitted light contributions associated with the 

vertical and horizontal axes, respectively [47]. 

 

 

Figure 1.3 a) LSP induced charge distribution around the cross-shaped apertures arms for 

the X- and Y-polarized light, b) The CPP and c) simulated zero-order transmission spectra 

of cross-shaped hole arrays illuminated by linearly polarized light for polarisation angles 

between 0 and 90 degrees (varying in 10 degree increments). Adapted with permission from 

references [30, 47]. 
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The inherent polarisation sensitivity of cross-shaped apertures makes them a good 

candidate for exploring the effects of the polarisation of the incident light on the optical 

output of these devices.  Recent research has shown that these devices can be optimised for 

multiple polarisation states without significant loss in plasmon efficiency [48-52]. It is these 

types of nanoaperture that will form the basis for much of the work presented in this thesis.  

1.3 Plasmonic colour filters 

Progress in nanofabrication techniques such as EBL and FIB have inspired a number of 

new approaches to fabricating complex, functional plasmonic devices on the nanometre 

scale. A large amount of research has been devoted to trying to manipulate colour output 

via near-surface interactions at sub-wavelength length scales [16, 53-56]. One of the most 

common approaches for fabricating these types of devices is to use FIB which allows for 

high-precision milling at length-scales down to just a few nanometeres. Another approach 

which is routinely used for fabricating plasmonic nanostructures is EBL. In EBL 

nanolithography nanometre-sized electron beams are used to directly ‘write’ structures into 

thin polymer films [20, 57-60]. Both of these manufacturing approaches have been used to 

produce plasmonic devices that can alter the intrinsic properties of light. 

The use of perforated metallic films supported by a dielectric substrate to ‘filter’ 

polychromatic light via SP interactions has emerged as one of the most conceptually 

promising avenues of research [61]. In combination with choosing the right materials and 

device geometry, plasmonic colour filters can be adapted for a wide rage of different 

applications. These type of plasmonic device fall under the broad class of metamaterials 

and as fabrication methods have improved, they have increasingly found applications in the 

visible range [62]. The SPR phenomena that are present in perforated metallic thin films 

typically manifest as more than one resonance peak in the frequency-dependant 

transmission spectrum. In general, both LSPs and SP are generated within these types of 
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devices. The LSPs are confined to the localised features within the thin film (e.g. 

nanoapertures or nanoparticles) whilst the longer-range SPs which propagate along the 

metal-dielectric interface, when initiated via plasmon coupling to the incident light, are 

known as SPPs. It should be emphasised that SPPs and LSPs are two different classes of 

SP excitation. Whereas LSPs are confined/localised surface modes, SPPs are propagating 

modes (these phenomena are explained in further detail in chapter 2) [63-66].  The range 

of applications for perforated metallic thin films include biosensors [67, 68], plasmonic 

colour generators [69], spectral filters [70, 71], and active layers within solar cell [72]. As 

discussed previously, for applications involving colour filtering of visible light, silver is a 

common choice for a plasmonic material owning to its relatively low plasmonic losses. 

1.4 Passivation of plasmonic devices 

Silver thin films perforated by sub-wavelength holes and supported on a dielectric substrate 

exhibit characteristic resonance peaks without any significant diffraction of the zero-order 

light. The maximum transmission of such an array can be orders of magnitude larger than 

that predicted by classical optics [4, 5, 73]. However, only oxide-free metallic surfaces give 

the sharpest and most well-defined SPR peaks. Therefore, for plasmonic devices that are 

realised in Ag thin films oxidation is a significant practical barrier to real-world application 

[74]. Hence, despite the excellent results obtained using silver plasmonics, their 

performance degradation due to their long-term instability is an ongoing challenge [75]. 

Many approaches have been trailed to address this issue, which includes coating the Ag 

with a protective layer to stop oxygen from reaching the surface. However, these protective 

films must be extremely thin so as not to impact the performance of the device. They should 

also conform precisely to the surface patterning of the plasmonic device in order to avoid 

any gaps between the active metal layer and the protective coating. One approach we have 

developed which addresses these requirements is to use extremely thin (several nanometers 
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thick) layers of Diamond-like Carbon (DLC). In spite of how thin these layers are, we have 

demonstrated that they successfully protect Ag-based nanoscale plasmonic structures 

against the effect of oxidative aging. The DLC layers which can be formed via electron-

beam induced deposition[76], are both chemically inert and electrochemically stable 

making the protected devices suitable for a range of different applications[77]. The 

effectiveness of DLC protection for plasmonic devices was tested by introducing volatile 

organic molecules to the protected surface. It was discovered that the degree of protection 

improved as the dose used to deposit the DLC layer was increased. 

1.5 Enhancing the performance of plasmonic devices  

As more and more applications present themselves the demand for even further 

improvements to performance in detection and imaging using plasmonics has steadily 

increased. The three main factors affecting the quality of performance using plasmonic 

devices can be summarised as [78]: 

 

1. Sensitivity (S). Sensitivity is a term used to quantify the ratio of a shift in the SPR 

angle (for monochromatic light) or SPR wavelength (for full-spectrum light) to the 

corresponding relative change in refractive index (RI) within the sensing region. It 

can be defined via the following equation 𝑆 = ∆𝐴𝑆𝑃/∆𝑛𝑠, where A is the angle or 

the wavelength and ns the refractive index.  

2. Signal-to-noise ratio (SNR). This ratio is used to quantify the ‘background’ for the 

signal of interest (e.g. shift in SPR peak position. In the context of RI sensing using 

SPR it is often defined as: 𝑆𝑁𝑅 = ∆𝐴𝑆𝑃 𝑆𝑃𝐹𝑊⁄ . Where 𝑆𝑃𝐹𝑊 denotes the FWHM 

of the SPR peak. 

3. Quality factor (QF) or Figure of Merit (FoM). This is defined as the ratio of 

sensitivity to the FWHM of the relevant SPR peak, i.e. 𝑄𝐹 = 𝑆/𝑆𝑃𝐹𝑊  [78]. 
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The main approaches used to improve the 3 quality characteristics described above include 

adding nanoparticles to the device. Typically, the inclusion of Au and Ag nanoparticles has, 

under certain conditions, been shown the improve the sensitivity of plasmonic devices by 

amplifying the signal when target molecules are detected. Because of ease of fabrication 

and the fact that large numbers of these particles can be produced in a colloidal suspension 

with specific size and composition they offer many options for tailoring the optical and 

electronic response of plasmonic devices [79]. 

 Exploiting Attenuated Total Reflection (ATR) is another approach used to enhance 

SPR sensing. ATR involves a combination of the Kretschmann configuration (which results 

in the production of an evanescent wave) and the energy conservation law. It employs a 

glass prism in order to satisfy momentum coupling between free electrons at the metal-

dielectric interface and the incident light. In the Kretschmann configuration, the metal film 

is deposited onto one face of the glass prism. When illuminated, an evanescent wave 

penetrates through the thin metal film resulting in the excitation of plasmons at the outer 

side of the film. At a specific angle (the SPR angle) there is a maximum amount of energy 

converted from the incident light into SPPs [80-82]. The use of ATR can magnify the 

changes in the SPR angle as a function of the local refractive index within the sensing 

region of the film such that they are easier to detect. 

 Using bimetallic films to enhance the detection of changes in the SPR peak position 

has also been explored in the literature. For example, Au is an extremely popular choice as 

the basis for fabricating plasmonic devices. However, although it exhibits large shifts in the 

resonant peak position with changes in the refractive index, the FWHM of the SPR peaks 

is also typically broad. This in turn results in a decrease in the SNR [83]. In contrast to Au, 

Ag has a narrower SPR peak and possesses a higher SNR value but suffers from being 
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chemical unstable. To exploit the properties of both materials for SPR sensing, Zynio et al. 

demonstrated a new method based on bimetallic Ag/Au layers [84]. This was followed up 

by work from Ong et al. who showed that bimetallic Ag/Au layers have a smaller resonance 

peak FWHM value and minimum reflectivity compared to Au alone and therefore offer 

improvements over pure metallic SPR sensors in terms of sensitivity and SNR [83]. 

 Finally, as discussed above, periodic arrays of plasmonic nanostructures are a very 

common method for enhancing signal strength. Individually or when placed randomly on 

a surface, plasmonically active structure such as nanoparticles may only produce a weak 

SPR signal. However, when aligned periodically and acting in concert, the presence and 

influence of both LSPs and SPPs can have a profound effect on the sensitivity of plasmonic 

devices and the EOT phenomena [85, 86].  By tailoring the device geometry e.g. 

nanoaperture shape, size and array periodicity, the sensitivity of these devices to changes 

in RI can be increased, the QF improved and the SNR maximised. 

1.6 The effect of the substrate on SPR properties  

Label-free sensing of chemicals and molecules has been a driving motivation for 

developing a whole range of novel plasmonic devices. Many of these structures exploit 

EOT phenomena using periodic arrays of metallic nanoapertures to detect tiny changes in 

the local chemical environment which includes the study of individual binding events [87-

91]. Malinsky and Michelle et al. have explored the optical properties of a range of different 

dielectric substrates (silica, mica and glass) and how this impacts chemical sensing using 

LSPR extinction in Ag [92]. They monitored the LSPR peak (𝜆𝑚𝑎𝑥)  associated with Ag 

nanoparticle arrays and observed a red shift in the peak resonant wavelength as the RI of 

the substrate increased. In a similar study Duyne’s group systematically looked at the 

change in the LSPR peak position (∆𝜆𝑚𝑎𝑥) as a function of the substrate refractive index 

and found that the LSPR peak moved 87 nm per substrate RIU. However, it was later argued 
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that the sensitivity factor they had calculated by Discrete Dipole Approximation (DDA) 

modelling overestimated the sensitivity by a factor of 2 [93].  

Kreibig and co-workers have also compared the influence of different types of 

substrates (dielectric, semiconductor, and metals) had on the SPR absorption within Ag 

nanoparticles. They observed a much smaller influence on the SPR behaviour when the 

substrate was changed from a conductor to a dielectric particularly when the evanescent 

field was probed at distances larger than the Ag nanoparticle diameter [94].  

1.7 Modifying the surface chemistry of plasmonic devices  

One of the most common uses of plasmonic devices is as sensors, as such, there is a strong 

interest in being able to tailor the surface chemistry of these devices to target particular 

compounds or detect specific changes in the local environment. Both inorganic and organic 

materials have been used to modify the surface of plasmonic devices. Their inclusion in 

plasmonics has led to a host of new physical [95-97], chemical [98] and electrical [99] 

properties being realised. Applications for surface-modified plasmonic devices include 

their use as optical waveguides [100], antireflection coatings [101] and molecular sensors.  

Although conventional polymers have shown great promise as optical components, 

they suffer from limitations in the maximum value of the RI that can be achieved (around 

1.6) [101]. In order to overcome this limitation a new range of inorganic materials with 

very high refractive index, such as ZrO2, CdS, SNO2 and TiO2 have been researched [102-

105]. By using such materials as coatings for plasmonic devices researchers hope to be able 

to push the optical performance of metamaterials even further than is currently possible. 

Further modification of the surface of thin films is possible via ion implantation with either 

metal or non-metal ions. For example, TiO2 has been used as the active layer in 
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photovoltaics where doping has been found to substantially increase the photosensitivity of 

the devices [40, 106-108].  

1.8 SPR sensing of thin films 

Although, in terms of sensing, plasmonic devices have primarily been employed as 

molecular or chemical sensors there is a substantial interest in using these devices to probe 

the properties of thin films. For example, probing physical or chemical changes within thin 

films can be very challenging to do without time-consuming often destructive 

characterisation tools (e.g. atom probe). Within this thesis we explore the application of 

plasmonic colour filters for probing the optoelectronic properties of thin films. Specifically, 

we look at TiO2 thin films as there is a substantial interest in this material within the 

electronics industry as well as for a number of optical applications (due to its high RI). 

  TiO2 is often doped with Ga ions (for example to increase its photosensitivity) as 

well as to improve the stability of the lattice [40, 106, 107]. In Chapter 5 we show that it is 

possible to probe the properties of TiO2 thin films directly using plasmonic devices. Using 

FIB we are able to dope different regions of the TiO2 thin film by different amounts and to 

then characterise the doped regions using SPR. By using two different array periodicities 

and employing cross-shaped nanoapertures for the plasmonic array we are able to 

demonstrate that the sensitivity of the devices to Ga ion doping can be maximised through 

control over the incident polarisation. Changes in the local dielectric constant of the TiO2 

thin film are directly probed using bright-field microscopy and characterised by a change 

in the transmitted intensity. This work highlights the potential for bimodal plasmonic 

devices for characterising thin films – in this case acting as a means for calibrating and 

characterising ion implantation. 
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1.9 Chemical sensing using plasmonic devices  

The sensitivity of EOT-based plasmonic devices to small changes in the local chemistry 

have meant that they have found extensive application as chemical sensors. Both changes 

in the RI of chemicals as well as individual molecular binding events have been studied, 

predominantly in the red and NIR regions of the visible spectrum [109-113]. Although they 

have great sensitivity, SNR is often small and there are issues associated with EOT based 

sensors due to the low levels of light which is transmitted (typically ~ 5% which is 

nonetheless much higher than predicted classically) [111, 114]. One way to increase the 

efficiency of EOT plasmonic sensors is by incorporating a prism as the substrate, however 

this makes them substantially bulkier and less convenient to use [115, 116]. Moreover, non-

prism-based devices using white light have the potential for detecting chemical changes 

readily ‘by eye’ as a colour change in the transmitted light. A non-prism based approach 

also opens up the possibility of readily being combined with microfluidics for quick and 

efficient delivery of the analyte, hence it is this type of EOT structure which is explored in 

the context of this thesis [117, 118].  

1.10 Molecular sensing using plasmonic devices  

Organic molecular assemblies which spontaneously form on surfaces, also known as Self-

Assembled Monolayers (SAMs), are composed of ordered domains which collectively 

make up a close-packed 2D system. SAMs have been proven to be a convenient and simple 

means of tailoring the interfacial properties of material surfaces opening up a range of new 

opportunities including for both bio and photo-sensitive applications [119-122]. Other 

common uses for SAMs include the delivery of biomolecules and other types of therapeutic 

molecules [123]. In spite of the extensive research that has been conducted into SAMs there 

remain a number of open questions regarding their formation. In order to address these 
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questions, the development of techniques that enable the direct imaging of SAM formation 

is highly desirable. 

 Previous studies have employed nanoscale metallic waveguides [124, 125] and 

nanoantennas [126] for real-time monitoring of SAM formation on metallic surfaces. More 

recently plasmonic devices with high FoM in terms of their performance have been 

researched as a means for probing the surface chemistry of SAM formation. The benefits 

of using plasmonic devices for studying SAMs include the ability to directly monitor the 

SAM formation via direct detection of the attachment of molecules to the metallic film 

making up the active layer of the plasmonic device. The sensitivity of these devices is such 

that they can detect changes in thickness even at the level of individual molecules via tiny 

movements in the position of the SPR peaks. In this thesis we explore the use of periodic 

arrays of cross-shaped nanoapertures in Ag films for the characterisation of SAM 

formation. These devices show great promise as a molecular sensor due to their high FoM 

and the fact that the output can be tailored by control over the incident polarisation. Our 

goal in Chapter 6 is to determine if these types of plasmonic device can be used for the 

direct detection of SAM formation with the goal of better understanding the underlying 

chemistry governing self-assembly of monolayers [119, 127, 128].  

1.11 Thesis summary 

The underlying theme of this thesis is to investigate the properties and applications of 

plasmonic devices consisting of arrays of cross-shaped nanoapertures in Ag films. The 

output and functional response of these arrays can be finely tuned by varying the 

geometrical parameters which include the arm ratio of the individual nanoapertures as well 

as the overall periodicity in each dimension. In Chapter 2 we review the underlying theory 

and literature relevant to the work presented in this thesis focusing on the use of plasmonic 
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devices as colour filters and discussing the motivation for the applications studied as part 

of the present research. 

Chapter 3 demonstrates how it is possible to obtain a continuously tuneable colour 

pallet using these devices and also looks at the effect of device geometry and incident 

polarisation. Both experimental and numerical calculations are used to investigate the 

dependence of the SPR characteristics of these devices on these parameters. Publications 

describing some of the results presented in these chapters can be found in refs [70, 71]. 

In Chapter 4, we address the issue of passivation of Ag plasmonic devices and 

explore the effectiveness of Diamond-like-carbon (DLC) at protecting these devices from 

the deleterious effects of oxidation. We are able to demonstrate that DLC can form a 

conformal, biocompatible and chemically stable protection layer which can be conveniently 

formed by scanning focused beams of electrons across the surface of the device. We find 

that the presence of nanometre thick layers of DLC does not affect the functionality or 

performance of the devices and is able to effectively adhere to the complex nanometre scale 

structure of the apertures. We also investigate how the electron dose influences the 

effectiveness of DLC to prevent aging with a summary of the results published in ref[19]. 

Chapter 5 presents a new application, exploiting the dual pitch architecture of cross-

shaped nanopixels to characterise small variations of the complex dielectric constant of an 

ion implanted TiO2 thin film.  Also, it demonstrates the ability to directly monitor the 

optical contrast of the ion-implanted regions. Monte Carlo simulations were employed to 

calculate the number of interstitial ions and empirically calculate the complex dielectric 

constant of implanted regions. Numerical calculations were performed to determine the 

value of the complex refractive index and, combined with FEM simulations, enable a 

detailed interpretation of the experimental data to be made. 
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In Chapter 6, a new approach to analysing the output of bimodal plasmonic devices 

is investigated, a technique we term “optical chemical barcoding”. This approach is used 

to detect small changes in the RI of analytes for chemical sensing. We find that the 

sensitivity of the devices within the optical regime can be tuned to the point where small 

changes in the local RI can be detected ‘by eye’. The application of bimodal plasmonic 

devices composed of cross-shaped nanopixels arrays for label-free detection of SAM 

formation is also investigated in Chapter 6. The self-organised growth dynamics of thiol-

based monolayers on Ag-based plasmonic devices was studied by monitoring the resonant 

peak shift in the plasmonic spectrum using a high-precision spectrometer. The polarization 

response of these devices was exploited to further increase the detection sensitivity.  

 Finally, Chapter 7 presents a summary of the main conclusions and discusses 

possible avenues for future work as well as the challenges encountered in fabricating and 

using plasmonic devices whilst conducting research for this thesis. 
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CHAPTER 2 

THEORETICAL BACKGROUND AND EXPERIMENTAL METHODS 

 

 

 

 

 

 

 

Photograph of the “parides 

butterfly”. The different colours 

present are shown by the optical 

images in the second column, the 

corresponding scanning electron 

microscopy (SEM) images 

showing the microstructure are in 

the third column. The fourth 

column shows the reflectance 

spectra. Reproduced with 

permission from[1]. 

 

 

2 INTRODUCTION 

This chapter summarises the basic theoretical concepts and background literature 

underpinning this thesis. A brief introduction to the optical theory of light-matter 

interactions at the nanoscale is given prior to an in-depth discussion of surface plasmons, 

both propagating and localised. A particular emphasis is placed on plasmonic colour 

generation and the propagation and penetration of surface plasmons in these structures. 

Finally, the main approaches to the fabrication of plasmonic devices for colour filtering are 

summarised. 
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2.1 Optical theory of light-matter interactions 

Optical interactions with nanoscale structures are mediated by absorption or scattering 

phenomena which can be understood in terms of Maxwell’s equations and quantum 

mechanics [2]. These concepts have been developed in order to derive the basic theory 

describing the excitation of surface plasmons (SP). Surface plasmons are two-dimensional 

delocalised electron oscillations; the electric field amplitude associated with these waves 

decays exponentially in the direction perpendicular to the propagation direction. Surface 

plasmon resonance (SPR) occurs when the incident photons have a momentum which is 

matched to the resonant frequency of the SP. This coupling is governed by both the 

dielectric properties of the material and any structure of the medium supporting the SP 

which is on the scale of the wavelength of the incident light [3-5]. 

When visible light interacts with nanoparticles, both ‘size effects’ and ‘diffractive 

effects’ come into play. An initial theory was developed to try to explain these effects in 

the early part of the 20th century. In 1908, Gustav Mie developed a model to explain the 

distinct colours which were observed in the resulting spectrum of light produced by 

scattering from a colloidal suspension of sub-wavelength particles. From the point-of-view 

of scattering theory, light scattering by metamaterials can be modelled by considering them 

as homogeneous media.  The electromagnetic properties of such media can be represented 

by an effective polarizability [6-8]. Over the past few decades Mie theory has been extended 

to account for details such as the size, shape, and density of the nanoparticles. Mie’s 

solution of diffraction problem is not an independent physical phenomenon but rather is 

based on the Drude model which describes the transport properties of free electrons in 

conduction bands [4, 9, 10].  
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In a dense electron gas, each electron individually interacts with all other electrons 

and any positive charges; typically, the equations of motion for such a system are extremely 

complicated. A simpler approach is to try to develop a collective description of electron 

motion, a starting point for which is to consider the oscillations of each pair of particles 

interacting through the Coulomb force as contributing to fluctuations in the electron 

density. In this approach it is possible to describe the motion of the electron gas in terms of 

the Fourier components of the electron density fluctuations. The density fluctuations can 

be decomposed into a thermal motion (having no collective behaviour) and Coulomb 

interactions which act to produce long-range collective behaviour which can be 

characterised through the ‘plasma frequency’ [11-15]. 

According to the Drude model, the intra-band electronic transitions are defined by 

a dielectric function, 휀. The optical response of a non-homogenous medium, can then be 

determined from the complex dielectric function (electric permittivity) of that medium. In 

principle, the dielectric properties of materials depend on the induced polarisation of the 

metal/dielectric and thus is a complex function. The electrical permittivity describes how 

strongly charge carriers become polarized in response to an external electromagnetic field. 

The optical response of a non-homogenous, complex medium can then be inferred from 

knowledge of the electric permittivity of that medium [16-18]. The electric permittivity can 

be adequately described by: 

휀(𝜔) = 휀′(𝜔) +  𝑖휀′′(𝜔)                                               (2.1) 

here 휀′(𝜔) and 휀′′(𝜔) represent the real and imaginary part of the dielectric function 

respectively. The complex electrical permittivity function, 휀(𝜔), is frequency dependent. 

It is crucial to consider both the real and imaginary parts of the dielectric function together 

because according to the Kramers-Kronig relation, they affect one another [16, 19]. The 

real part of the equation describes how strongly a material is polarized by an external 
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electric field, whilst the imaginary part shows the ohmic losses due to conduction electron 

losses (electron-electron interaction) and “intraband” electronic transitions. Despite the real 

part being negative in metals, standard metals’ performance suffers from significant ohmic 

losses, especially at optical and ultraviolet frequencies. Compared to ordinary metals, 

nanometric scale metallic structures have the potential for the sub-wavelength manipulation 

and control of optical energy [17, 20, 21].  

2.1.1 Basic theory of plasmonic devices  

The word “plasmon” denotes a quasiparticle which refers to the quantisation of the 

collective oscillations of a free electron gas (usually in conduction bands) which has an 

associated frequency (the plasmon frequency) of oscillation and energy [22, 23]. The SP 

wave vector is always larger than that of the incident light and thus cannot be directly 

excited and instead requires a grating or a prism at a specific angle to enable momentum 

coupling. The primary theory of 'plasmons' is based on charge density oscillations of the 

electrons associated with the individual atoms which make up the object. The distribution 

of electrons can be decomposed into bound and free electron components [24]. The basic 

theory required to understand SPR phenomena is now reviewed. 

2.1.2 Surface Plasmon Resonance (SPR) 

The plasma frequency (𝜔𝑝) is a physical property associated with bulk metals. If the 

dimensions of the metal are reduced to the sub-wavelength scale, mobile electrons within 

the conduction band oscillate at the surface of the metal (i.e. at the metal/dielectric 

interface). Because in this scenario the electron density is effectively shared between two 

ion lattices the resulting net electric force is halved within each of the media. The surface 

plasmon oscillations (associated with the surface electron cloud) have a quantized 

frequency with a corresponding energy of ℏ𝜔𝑠𝑝 [8]. Under these conditions the free electron 

density oscillates at a frequency given by  
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𝜔𝑠𝑝 = √
𝑒2𝑛𝑒

2 0𝑚𝑒
                                                     (2.2) 

here 𝑛𝑒 is the density of the metal’s free electrons within the conduction band, and 𝑚𝑒 is 

electron’s mass [4, 25-28]. 

The relationship between the SP frequency and the bulk plasma frequency is given 

by: 

𝜔𝑠𝑝 =
1

√2
𝜔𝑝                                                      (2.3) 

Equation 2.3 implies that if the oscillation frequency of the electrons is less than the bulk 

plasma frequency then the electrons cannot penetrate the metal.  

In 1968 SP waves were classified into two main categories by Otto and Kretschmann 

[27, 29]:  

1) Radiative: known as the intrinsic wave mode owing to the excitation of SP directly 

by plane electromagnetic (EM) waves. The exited SPs re-radiate photons with new 

resonance modes called plasma radiation which propagates in almost all directions. 

 

2) Non-radiative: Although the non-radiative mode cannot intrinsically re-radiate, it is 

able to radiate under specific conditions such as coupling with incident light on a 

grating surface. The SP associated with non-radiative mode has a phase velocity 

smaller than the speed of light [10, 22, 30]. 

 

It is important to note that, the name “non-radiative SP wave” is derived from the 

evanescent characteristics of SP. The evanescent SP waves undergo exponential decay as 

a function of distance from the metal-dielectric interface and are not excited by transverse 

magnetic (TM) waves [2, 31]. 



 Theoretical Background and Experimental Methods Chapter 2 

39 

 

2.1.3 Propagation of electromagnetic waves in the presence of scatterers 

The SPR properties of bulk metal is not characterised by a single resonant frequency and 

depends on the frequency of the incident EM field. If the driving force provided by the 

incident light is insufficient, electrons do not undergo significant collective oscillation. In 

this case, 𝜔 > 𝜔𝑝 and the dielectric function is positive, hence light will be transmitted (or 

absorbed) in intraband transitions (see Figure 2.1a) left side of the cube). The combination 

of the 𝜔𝑝 and intraband transmission or absorption gives rise to the metal's colour. 

However, if the incident light has a frequency which is smaller than the plasma frequency 

(𝜔 < 𝜔𝑝) the mobile electrons oscillate 180° out of phase with the incident EM radiation. 

In this case, the light-matter interaction is described by a negative dielectric function 

resulting in reflection (Figure 2.1a right side of the cube).  

The frequency of incident light is only one of the many factors that affect the 

behaviour of the bulk metal’s conduction electrons. As discussed previously, the complex 

dielectric function is also a critical factor. In contrast to light-bulk metal interactions, the 

interaction of an electromagnetic field with surface plasmon oscillations in a grating or 

prism structure is significantly different. This is particularly true if the frequency of incident 

light is less than the plasma frequency of the metal, in which case the real part of the 

dielectric function is negative (Figure 2.1b and c). At a specific angle of incidence, the 

incident photons will be absorbed, resulting in a dip in the transmission or reflection 

spectrum. Surface plasmon resonance may be classified as occurring in two distinct forms: 

SPP and LSP which are discussed in sections 2.1.4 and 2.1.5 respectively [32-34]. 
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Figure 2.1 a) schematic of bulk plasmon 

generation. Left side of cube: frequency of 

the incident light is above the plasma 

frequency, conduction electrons do not 

oscillate, and incident light is transmitted or 

absorbed. Right side of cube: the frequency 

of the incident light is smaller than metal 

plasma frequency, and the majority of the 

incident light is reflected. b) for (𝜔 > 𝜔𝑝) 

the real part of the dielectric function is 

positive and for (𝜔 < 𝜔𝑝) the real part is 

negative. c) plot describes the role played by 

the dielectric function in determining the 

oscillation of conduction electrons as a 

function of the frequency of the incident 

light. Figure adapted from Ref[35].  

 

2.1.4 The Surface Plasmon Polariton (SPP) 

If one of the dimensions of a bulk of metal is reduced to the sub-wavelength scale (i.e. a 

thin metallic film on the order of nm), the oscillations of the free electrons will only occur 

at the metals surface. As discussed previously, if these oscillations are the result of coupling 

to an incident electromagnetic wave they are collectively described as surface plasmon 

polaritons (see Figure 2.2a). The word "polariton" refers to the propagation of the SP at the 
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film surface and interface (where 𝑧 = 0). The SPP waves have considerable momentum 

compared to other waves of the same frequency. As a consequence, the associated SP waves 

are confined to the surface and the strength of the corresponding induced electric field 

decays exponentially in the direction of the surface normal. Therefore, SPP modes in thin 

metallic films are bound to the metal-dielectric interface and propagate along the interface 

until their energy is completely dissipated as heat in both media. At a specific angle, the 

incident photon will be absorbed, resulting in a dip in the transmission or reflection 

spectrum (Figure 2.2c) [35-38]. The resulting dispersion curve is shown in Figure 2.2b and 

is given by: 

 

𝑘𝑠𝑝𝑝 =
𝜔

𝑐
√

𝑚 𝑑

𝑚+ 𝑑
                                                (2.4) 

 

where 𝑘𝑠𝑝𝑝 gives the resonance condition necessary to excite SPP at a metal-dielectric 

interface with permittivity of  휀𝑚 and 휀𝑑 respectively [37]. Here it is assumed that the 

incident field is p-polarized, and the z component is normal to the interface [29, 33, 39, 40].  

The corresponding decay of the SPP field perpendicular (i.e. in the z-direction) to 

the interface is described by: 

 

𝑘𝑧
2 = 𝑘𝑠𝑝

2 − (
𝜔

𝑐
)

2
{

휀𝑑

휀𝑚
  .                                  (2.5) 
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Figure 2.2 Localised Surface Plasmon (LSP) and Surface Plasmon Polariton (SPP) a) 

SPPs are EM modes that arise from the interaction between light and the conduction band 

electrons in a two-dimensional metallic film b) SPP dispersion curve c) Plot showing the 

SPP angle where prism-coupling is used to generate SPPs d) LSPs are localised EM modes 

that arise due to geometry confinement e) and f) Scattering and absorption properties for 

nanoparticles of radius < 15 nm and > 15 nm respectively. The behaviour at the Localised 

Surface Plasmon Resonance (LSPR) wavelength (LSPR) is indicated by the vertical dotted 

line. Figure adapted from Ref [35]. 
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2.1.5 Localized Surface Plasmons (LSP) 

In addition to a 2D metallic surface, SP excitation can be achieved using other geometries 

such as 0D particles or topologies with sizes smaller than the wavelength of the incident 

light. The electric field is approximately constant across features smaller than the 

wavelength of the incident light and therefore able to exert a uniform displacement force 

on the free electrons (Figure 2.2d). Due to the strong restoring force from the positively 

charged atomic nuclei, the electrons in the metal oscillate in a manner similar to a harmonic 

oscillator and cause the excited SPs to be confined to the local nanoscale features (i.e. LSPs) 

[41-43].  

It should be emphasised that SPP and LSP polaritons are two different types of SP 

excitation. Whereas LSP is a confined/localised surface mode, an SPP is a propagating 

mode. The key characteristic of LSP resonance is that it depends on the size and shape 

(geometry) of individual sub-wavelength particles or features (e.g. pillars or apertures). By 

contrast, SPP field modes depend on the radiative losses associated with a metal film's 

thickness and surface roughness. If a metal film is thick, the SPP field has two independent 

enhancement modes. These enhancement modes degenerate if the metal is placed between 

two identical environments. The SPP wave is excited when both the frequency and 

wavevector of the incident light match the frequency and wavevector of the SPP resonance 

mode and decays exponentially from the surface. In contrast to SPPs, it is straightforward 

to excite LSP modes with the appropriate light frequency regardless of the incident light 

wavevector. The LSP mode typically decays via light emission. 

The LSP frequency is given by: 

 

𝜔𝐿𝑆𝑃𝑅 =
𝜔𝑝

√(1+2 𝑑)
                                                    (2.6) 
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As Eq. 2.6 shows, the LSP frequency may be shifted by changing the surrounding 

environment. Figure 2.2e shows how, at the LSPR wavelength (LSPR), the absorption cross-

section is several orders of magnitude larger than the individual particles size (given by 

𝑉 = 4 3⁄ 𝜋𝑅3). While Figure 2.2f shows for particles with R larger than 15 nm, the 

absorption cross section is almost smaller than scattering [41-43]. 

2.1.6  SP evanescent waves  

As surface plasmons propagate, their associated electric field decreases exponentially in 

the direction perpendicular to the metal-dielectric interface. Because of this, SP are known 

as “evanescent” waves. In order to establish a frame of reference for EM wave propagation 

for this concept, we assume that the metal surface lies in the x-y plane and that the EM wave 

only travels in the x-z plane at a θ° angle of incidence. The transverse electric field (TE) 

and the transverse magnetic field (TM) components are thus parallel and perpendicular to 

the x-y plane, respectively.  

The equation governing the propagation of an evanescent wave is: 

𝐸𝑒𝑣 = 𝐸0𝑒−𝑖(𝑘𝑠𝑝𝑝𝑥−𝜔𝑡) 𝑒−𝑘𝑧𝑧                                        (2.7) 

where the real part, 𝑒−𝑖(𝑘𝑠𝑝𝑝𝑥−𝜔𝑡), represents the propagation of the wave along the x-

direction and the imaginary part, 𝑒−𝑘𝑧𝑧, represents the evanescent decay in the z-direction. 

From the well-known dispersion relation, 𝑘 =
𝜔𝑛

𝑐
 , the wavenumber for the transported 

wave 𝑘𝑇 (assuming the SPP is travelling in the x-direction) within any media is given by: 

𝑘𝑇 = 
𝜔

𝑐
{

𝑛𝑑

𝑛𝑚
                                                             (2.8) 

where 𝑛𝑑  and 𝑛𝑚 are the refractive index for the dielectric and metal respectively. The x-

component of the transported wave can be written as [29, 44]:   

𝑘(𝑇,𝑥) = 𝑘𝑇 sin 𝜃                                                        (2.9) 
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The corresponding z-component of the transported wave is given by: 

 

𝑘(𝑇,𝑧) = 𝑘𝑇 𝑐𝑜𝑠𝜃𝑇.                                                  (2.10) 

 

These LSP modes have a narrow energy dispersion within  the short wavelength regime, 

which is given by the relation [43] 

 

𝐸 ≅
𝐸0 

𝜋

𝐿

𝑡
 cos (𝑘𝑠𝑝𝑝𝑡 +

𝜋

2
)                                           (2.11) 

 

where 𝐸0 is the incident electric field, 𝑡 is metal thickness, and 𝐿 is the characteristic size 

of the subwavelength features. 

2.1.7 SPP Length Scales 

From the perspective of sub-wavelength optical components, SPPs can be represented by 

four dispersion length scales. These length scales are based on dielectric functions of media 

in contact with the metallic nanoscale particles or apertures.  The oscillating nature of SPP 

mode and the E-field distributions corresponded to that are shown schematically in Figure 

2.3 [28]. 

 

 



 Theoretical Background and Experimental Methods Chapter 2 

46 

 

 

Figure 2.3 Sketches of the oscillating nature of SPPs in a sub-wavelength metallic film with 

the four key length scales shown. The left-hand side shows the generation of oscillating 

SPP modes after interaction between incident light with wavevector 𝑘0 and the perforated 

metallic film. The in-plane wave vector of the SPP along the propagation surface under 

appropriate boundary conditions gives the SPP wavelength, 𝜆𝑠𝑝𝑝 . The right-hand side of 

the figure shows the imaginary part of the wavevector for SPP damping in two directions 

either side of the metal-dielectric interface. The equations describing the penetration 

(decay length) in the metal (m) and dielectric (d) are given in the two equations in the 

bottom-right. The sketches also show the SPP mode propagation length i.e. 𝛿𝑠𝑝𝑝, (top-right 

equation). Reprinted with permission from Ref [28, 45, 46]. 

 

2.1.7.1 Energy propagation and penetration length 

The SPP mode, characterised by its wavevector, 𝑘𝑠𝑝𝑝, is complex (𝑘𝑠𝑝𝑝 = 𝑘𝑠𝑝𝑝
′ + 𝑘𝑠𝑝𝑝

′′ ). 

The SPP wavelength can be derived from the real part of the dispersion relation: 
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𝜆𝑠𝑝𝑝 = 𝜆0 √
𝑑+ 𝑚

′

𝑑 𝑚
′                                                   (2.12) 

The imaginary part of the SPP wave-vector describes the propagation length of the SPP i.e. 

𝛿𝑠𝑝𝑝. This length scale is defined as the distance that the SPP travels before its 

power/intensity drops to 
1

𝑒
 of the initial value. The total energy, which is stored in an SPP 

wave is [28]: 

 

𝑈~|𝐸|2 

= 𝐸0
2 𝑒2𝑖(𝑘𝑠𝑝𝑝𝑥−𝜔𝑡) 

= 𝐸0
2 𝑒2𝑖(𝑅𝑒[𝑘𝑠𝑝𝑝]𝑥−𝜔𝑡) 𝑒2𝑖2 𝐼𝑚[𝑘𝑠𝑝𝑝]𝑥 

= 𝑒−2 𝐼𝑚(𝑘𝑆𝑃𝑃)𝑥. 𝐸0
2 𝑒2𝑖 (𝑅𝑒(𝑘𝑠𝑝𝑝)𝑥−𝜔𝑡) 

 

where, 𝑒−2𝐼𝑚[𝑘𝑠𝑝𝑝]𝑥 = 𝑒−1, at the SPP propagation length giving 

 

𝛿𝑠𝑝𝑝 =
1

2𝐼𝑚[𝑘𝑠𝑝𝑝]
                                                      (2.13) 

The corresponding imaginary part of the SPP wave vector is 

𝑘𝑠𝑝𝑝
′′ = 𝑘0

𝑚
′′

2( 𝑚
′ )

2  ( 𝑚
′

𝑑

𝑚
′ + 𝑑

)

3

2
                                         (2.14) 

and  

𝛿𝑠𝑝𝑝 =
1

2
𝑘𝑠𝑝𝑝

′′                                                      (2.15) 

 

If the metal has minimal losses, and |휀𝑚
′ | ≫  |휀𝑑|, then 𝛿𝑠𝑝𝑝 can be approximated as:  

 

𝛿𝑠𝑝𝑝 ≈ 𝜆0
( 𝑚

′ )
2

2𝜋 𝑚
′′                                                         (2.16) 
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2.1.7.2 SPP skin depth (decay length) 

Perpendicular to the propagation direction, i.e. the z-direction (in both metal and dielectric), 

the wavevector 𝑘𝑧 may be defined in both media i.e. 𝑘𝑑,𝑧 and 𝑘𝑚,𝑧 for the dielectric or metal 

respectively. The penetration depth of the field into the metal and dielectric media are found 

by considering the SPP dispersion relation. Here the z-direction is the orthogonal direction 

to the plane in which the SPP propagates. The wave-vector of light travelling in materials 

with a relative dielectric function 휀𝑖 is given by 휀𝑖𝑘0 (in the metal 휀𝑖 = 휀𝑚 and in the 

dielectric 휀𝑖 = 휀𝑑) [28, 47]: 

휀𝑖𝑘0
2 = 𝑘(𝑠𝑝𝑝,𝑥)

2 + 𝑘(𝑧)
2   

𝑘𝑑 = 𝑘0√휀𝑑 −
휀𝑑휀𝑚

휀𝑑 + 휀𝑚
 

= 𝑘0√ 𝑑
2

𝑑+ 𝑚
                                                          (2.17) 

Similarly, 

𝑘𝑚  = 𝑘0√ 𝑚
2

𝑑+ 𝑚
                                                   (2.18) 

 

The z component of the field in both the dielectric and the metal is imaginary and describes 

the exponential decay of the field intensity in both media. The corresponding decay lengths 

are: 

𝛿𝑚 =
1

2𝐼𝑚[𝑘𝑧]
 

=
1

2𝑘0𝐼𝑚 [√
휀𝑚

2

휀𝑑 + 휀𝑚
]
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=
𝜆0

4𝜋
 𝐼𝑚 [√

휀𝑑 + 휀𝑚

휀𝑚
2

] 

𝛿𝑑 =
𝜆0

4𝜋
 𝐼𝑚 [√

𝑑+ 𝑚

𝑑
2 ] ≈

𝜆0

4𝜋
  [√

| 𝑚|

𝑑
2  ]                            (2.19) 

 

where 𝛿𝑚 and 𝛿𝑑 are the field skin depth (decay length) in the metal and dielectric, 

respectively [28]. 

2.1.8 Extraordinary optical transmission of light (EOT) theory 

At the end of the twentieth century Ebbesen at al. observed a higher transmitted signal from 

light propagating through a periodic array of sub-wavelength apertures in thin metallic 

films than was predicted classically. This phenomenon was termed Extraordinary Optical 

Transmission (EOT) and could be understood by considering the SPs generated within the 

structure by coupling of free electrons and incident photons [48]. Since the first 

experimental demonstration EOT, a vast amount of experimental and theoretical work has 

been devoted to researching a range of novel applications based on photonic devices that 

exhibit this phenomenon. Two applications in particular which are most relevant for this 

thesis are plasmonic optical colour filters [49-54] and chemical and molecular sensors [55-

57]. 

2.1.8.1 Microscopic theory of EOT and derivation of SPP coupled mode 

equation 

Extraordinary Optical Transmission involves the excitation of a surface electromagnetic 

(EM) Bloch mode (modes of Bloch waves) at a metal-dielectric interface perforated by 2D 

holes [58, 59]. The result of this excitation is the enhanced transmission of light through 

the apertures which make up the periodic array of 2D holes [49, 50, 55, 60-64]. Figure 2.4 

displays the elementary scattering events which occur within a periodic 2D array of sub-
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wavelength apertures with a fixed periodicity assumed in both the x- and y-directions. The 

metal-dielectric interface is illuminated by light represented by an incident plane wave 

(𝜓𝑃𝑊
− (𝑘)).  This incident plane wave has an associated wave vector, 𝑘 = 𝑘𝑥𝑥 − 𝑘𝑧𝑧, as 

shown, the y component of 𝑘 is null (𝑘𝑦 = 0). During interaction of the incident light and 

the perforated metallic film (which has a dielectric constant = 휀𝑚) a portion of the light is 

reflected or scattered, a portion is transmitted, and some of the light is absorbed and induces 

excitation of SP within the nanohole array. The coupled-mode equations (characterised by 

scattering coefficients, 𝐴𝑛 and 𝐵𝑛, and excitation coefficient, 𝐶𝑛) for the nth hole are 

calculated by using the “Lorentz reciprocity theorem” and “vectorial method” [63]: 

 

𝐴𝑛 = 𝑀𝑛𝛽(𝑘𝑥) + 𝑢𝑛𝜏𝐴𝑛−1 + 𝑢𝑛+1𝜌𝐵𝑛+1                                     (2.20) 

𝐵𝑛 = 𝑀𝑛𝛽(−𝑘𝑥) + 𝑢𝑛+1𝜏𝐵𝑛+1 + 𝑢𝑛𝜌𝐴𝑛−1                                  (2.21) 

𝐶𝑛 = 𝑀𝑛𝑡(−𝑘𝑥) + 𝑢𝑛 ∝ 𝐴𝑛−1 + 𝑢𝑛+1 ∝ 𝐵𝑛+1                                 (2.22) 

 

where 𝜌 and 𝜏 are the reflectance and transmittance coefficients respectively and 𝑢𝑛 =

exp(𝑖𝑘𝑆𝑃𝑃𝑎𝑛) describes the phase delay and 𝑀 = 𝑤1𝑤2 … 𝑤𝑛   (𝑛 > 0, 𝑀0 = 1) the phase 

retardation for incident light at the nth hole with 𝑤𝑛 = exp(𝑖𝑘𝑥𝑎𝑛). Also, ∝ and 𝛽 are 

scattering coefficients of the fundamental Bloch mode and outgoing plane wave, 

respectively [65] 
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Figure 2.4 Schematic of light incident on a 

metallic aperture array. The metal surface is 

illuminated by a plane wave (𝜓𝑃𝑊
− (𝑘𝑥)) which 

results in 3 distinct components  𝜓𝑆𝑃
+  , 𝜓𝑆𝑃

−  and 

𝜓0
− after interaction. The Bloch mode 

propagates in the negative z-direction. 𝐴𝑛 and 

𝐵𝑛 are the scattering coefficients of the surface 

waves, 𝐶𝑛 is the excitation coefficient [65]. 

 

Interestingly, EOT phenomena associated with light propagating through 2D 

subwavelength holes causes non-radiative SPRs to re-radiate photons in visible range [10, 

22]. In Figure 2.5(a-c) six elementary scattering process are shown as being involved in the 

interaction between the EM wave and the “pure” SPP coupled mode. These occur on the 

surface and at the front and rear face of the metal film which is perforated by the periodic 

array. These six scattering coefficients characterising the SPP modes involved in EOT are  

[65]:   

• 𝜌, the SPP modal reflectance coefficient  

• 𝜏, the SPP model transmittance coefficient  

• ∝, the scattering coefficient from the SPP mode to the fundamental Bloch mode 

(and vice versa) 

• 𝑡(𝑘𝑥), the transmission coefficient of the fundamental Bloch mode 

• 𝑟(𝑘𝑥), the reflection coefficient of the fundamental Bloch mode 

• 𝛽(𝑘𝑥), the scattering coefficient from the SPP mode to the outgoing plane wave  
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Figure 2.5 The elementary scattering process (optical transmittance (𝜏) and reflectance 

(𝜌)) from a “pure” SPP coupled-mode for a periodic 1D array of holes involved in EOT. 

The red arrows refer to incident light direction, and the green arrows show the scattered 

mode direction on the surface and at the front and rear of the interface: a) Scattering (𝜏 or 

𝜌) from the SPP mode due to the interaction of a normal incidence EM wave and SPP in a 

1D hole chain and scattering coefficient, 𝛽, to the outgoing plane wave b) The 

transmittance and reflectance coefficients 𝑡(𝑘𝑥) and 𝑟(𝑘𝑥) for the fundamental Bloch mode 

at the front and rear of the interface c) Scattering according to the reciprocity theorem d) 

Fully periodic structures with the same periodicity in both the x and y-directions for the 

scattering of the fundamental Bloch model e) Wavelength dependence of the transmission 

and reflectance coefficients of a single chain under normal incidence light. Adapted from 

Ref [65]. 
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The combination of these six scattering coefficients results in a closed-form expression for 

the scattering process of the fundamental Bloch mode (see Figure 2.5d). For simplicity, 

consider a fully periodic structure with an infinite number of holes (𝑁 = ∞) and equal 

periodicity in both the x and y-directions (𝑎𝑥 = 𝑎𝑦 = 𝑎) irradiated by a normal incidence 

plane wave (𝑘𝑥 = 0). In this case: 𝐴𝑛 = 𝑤𝐴𝑛−1, 𝐵𝑛 = 𝑤𝐵𝑛−1 and 𝐶𝑛 = 𝑤𝐴𝐶𝑛−1. 

Therefore, considering the pseudo-periodic conditions for the SPP-coupled mode, the 

transmittance and reflectance coefficients, 𝑡𝐴(𝑘𝑥), and  𝑟𝐴(𝑘𝑥)  of the fundamental Bloch 

mode supported by the 2D hole array are given by: 

 

𝑡𝐴(𝑘𝑥 = 0) = 𝑡 +
2∝𝛽

𝑢−1−(𝜌+𝜏)
                                  (2.23) 

𝑟𝐴(𝑘𝑥 = 0) = 𝑟 +
2∝2

𝑢−1−(𝜌+𝜏)
                                  (2.24) 

 

where 𝑢 = exp(𝑖𝑘𝑆𝑃𝑃𝑎) is the phase delay, 𝑡 = 𝑡(𝑘𝑥 = 0), 𝛽 = (𝑘𝑥 = 0), and  𝑘𝑆𝑃𝑃 =

𝑘0√
𝑚 𝑑

𝑚+ 𝑑
 defines the complex propagation constant of the SPP at the metal-dielectric 

interface. Figure 2.5e, shows the dependency of the transmission and reflectance 

coefficients of a single chain under normal incidence light on the wavelength [65]. 

2.1.9 Theory of WOOD’S anomalies  

Grating anomalies (discovered by R.M. Wood in 1902) can be observed as a pattern of 

unusual dark and light bands in the reflected spectrum of a metallic diffraction grating using 

a white light source. This phenomenon appears over a range of wavelengths that were 

smaller than the grating pitch when the magnetic field is parallel to the grating line, i.e. P-

polarization [66-68].  

Figure 2.6 shows the dark bands in a reflected spectrum collected using a continuous 

light source for different angles of incidence obtained by Wood.  Two dark bands are 
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observed in all the diffracted spectra; as the incident angle decreases, these dark bands 

begin to merge, and finally, at normal incidence, a uniform illumination appears [69]. 

 

 

Figure 2.6 Diffracted spectra of the 

continuous light source reflecting off a 

metallic grating, pitch = 1760 nm, images 

obtained by Wood. The left-hand side 

numbers indicate the angle of incidence and 

the top numbers the reflected wavelength in 

nanometres. Reprinted with permission from 

Taylor & Francis Ltd 

(http://www.informaworld.com). 

 

 

Initial efforts to interpret these anomalies began in 1907 by Rayleigh starting with his 

famous grating formula [70]: 

 

sin(𝜃𝑛) = sin(𝜃) +
𝑛𝜆

𝑑
                                               (2.25) 

 

where 𝜃𝑛 and 𝜃 are the angle of diffraction and incidence respectively, 𝜆 is wavelength in 

vacuum, 𝑑 is the distance between the groves (also known as the pitch) and 𝑛 is the 

scattering order. Rayleigh’s “dynamical theory of the grating” was based on an expansion 

of the scattered electromagnetic field by only considering the outgoing waves. Rayleigh’s 
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theory was a success in that it successfully predicted the major experimental observations 

of the time. However, a major limitation of Rayleigh’s theory was that it did not account 

for the shape of the dark bands which were observed to correspond to the anomalies. To 

address this an in-depth theoretical treatment of Wood’s anomalies was proposed by Fano 

[49, 50, 71-73]. This theory successfully predicted the following features:  

 

• A sharp anomaly dependant on the wavelength, governed by Rayleigh formula  

• A diffuse anomaly related to “leaky” (complex) waves — which consisted of both 

a minimum (near red wavelength regime) and a maximum of intensities. This type 

of anomaly was observed by Wood and is shown in Figure 2.6.  

 

 Palmer later classified these anomalies as ‘S-type’ (E-mode incidence) and ‘P-type’ 

(H-mode incidence), with P-type anomalies only appearing when the metallic grating had 

deep grooves and S-type appearing when the grating had shallow grooves [74]. The 

availability of new sources of light such as the laser at the beginning of the 1970s, offered 

opportunities to make more accurate, submicron size, holographic gratings for investigation 

of Wood’s anomalies in both the visible and near-infrared regions [55]. This in turn led to 

further refinements in the theory of Wood’s anomalies including an expression describing 

the “excitation of electromagnetic evanescent waves” for metallic gratings surface by 

Rudolph and Schmahl at the beginning of the 1970s. Further research conducted by Maystre 

in 1972 was able to more accurately quantitatively predict the experimental observations 

[62, 75]. The theory of Wood’s anomalies is still being investigated today with modern 

fabrication techniques permitting the investigation of SPPs in microscopic structures 

produced via nanofabrication [76-78]. 
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2.1.10 The microscopic SPP model and phase matching (Fabry- Pérot 

equation)  

The microscopic SPP model and phase-matching condition explains how EOT resonant 

peaks are formed for a periodic array of apertures and their position in the transmission 

spectrum. In order to determine the location of these SPP resonant peaks, Lalanne et al. 

derived the zeroth-order of the transmittance coefficient, 𝑡𝐹(𝑘𝑥) based on the Fabry-Pérot 

equation [65, 79]. This coefficient can be conveniently expressed as a wavelength 

dependant function,  𝑇(𝜆), as: 

 

 𝑇(𝜆) = |𝑡𝐹(𝑘𝑥)|2                                                (2.26) 

 

where 𝑘𝑥 = (
2𝜋

𝜆
) sin 𝜃. In comparison to normally incident EM waves (𝑘𝑥 = 0), waves 

which are incident from an oblique angle (𝑘𝑥 ≠ 0) incorporate an additional phase-shift 

term. For each of these two conditions resonance is achieved when: 

 

𝑅𝑒(𝑘𝑠𝑝)𝑎𝑥 + arg(𝜌 + 𝜏) = 0                     for normal incidence condition 

𝑅𝑒(𝑘𝑠𝑝)𝑎𝑥 + arg(𝜌 + 𝜏) ≈ 𝑘𝑥𝑎𝑥               for general phase-matching condition 

 

where 𝑎𝑥  is the hole periodicity and 𝑘𝑥𝑎𝑥 describes the phase shift, also the function 

‘𝑎𝑟𝑔(𝜌 + 𝜏)’ refers to the argument of (𝜌 + 𝜏) which is slightly positive but not zero. The 

positive phase delay in the SPP mode is due to the metal having a slightly lower effective 

conductivity, i.e. 𝑛𝑒𝑓𝑓
2 ≈

𝐷

𝑎𝑦
휀𝑎𝑖𝑟 + (1 −

𝐷

𝑎𝑦
)휀𝑚𝑒𝑡𝑎𝑙, where 𝐷 is the film’s thickness. The 

weak phase delay is then described by: 

 

arg(𝜏) = [𝑘0𝑅𝑒 (𝑛𝑒𝑓𝑓) − 𝑅𝑒 (𝑘𝑠𝑝𝑝)]𝐷                           (2.27) 
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Lalanne et al. compared the results from the SPP model and “rigorous coupled-wave 

analysis” (RCWA) for a gold film perforated by hole chains with equal periodicity on both 

the x and y-directions. Despite some differences between the results from the SPP model 

and computational RCWA the SPP model was able to quantitatively predict the resonance 

peaks in the transmission spectrum oblique incidence [65]. 

2.2 Experimental background 

Having reviewed some of the theoretical concepts underpinning this thesis, this section 

describes some of the main concepts behind the experimental techniques employed in this 

thesis.  

2.2.1 Ion implantation 

Ion implantation (Chapter 5) can be defined in terms of two key quantities: dose (amount 

of dopant implanted) and ion energy (the final depth of the dopant from the surface of the 

substrate).  There are two primary stopping mechanism when the ion enters the target; the 

first one involves the transfer of the ion’s energy to the target’s nuclei (which results in a 

deflection of the projectile ions and displacement of the nuclei) and the second one is the 

interaction of the ion with the target’s free and bound electrons. Nuclear stopping causes 

physical damage and produces defects in the lattice whilst electronic stopping results in 

vacancy-interstitials being formed. The number of displacements per target atom per unit 

time is described by the Kinchin-Pease relation [80-83] 

 

𝑃(𝑥) =
0.8

2𝑁𝐸𝑑
(

𝑑𝐸

𝑑𝑥
)

𝑛
𝛷                                       (2.28) 
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where 𝛷 is the ion flux, 𝑁 is the target density, 𝐸𝑑 is effective threshold displacement 

energy and (
𝑑𝐸

𝑑𝑥
)

𝑛
is the ion energy per unit depth. It is important to note that replacement 

reduces the number of vacancies that remain after the collision with the recoil atoms.  The 

total distance travelled by the ion before stopping is called ion range (ion implantation 

depth) and is determined by 

 

𝑅 = ∫ 𝑑𝑥 =  
1

𝑁

𝑅

0
∫

𝑑𝐸

𝑆𝑛(𝐸)+𝑆𝑒(𝐸)

𝐸0

0
                              (2.29) 

 

where N is the density of the target, 𝐸0 is the initial energy of the ion (known as the 

acceleration voltage in 𝑘𝑒𝑉), and 𝑆𝑛 and 𝑆𝑒 are nuclear and electric stopping power 

respectively. In the current study, the total displacement and range of the ion in the target 

lattice was calculated by using the stopping and range of ions in matter (SRIM) software 

[82, 83]. The SRIM program is based on Monte Carlo simulations and can give insights 

into the ion implantation area both parallel and perpendicular to the targets surface (see 

Chapter 5). 

 The ion fluence can be calculated using: 

Φ =
𝐷𝑜𝑠𝑒 [

𝑝𝐶

𝑐𝑚2]

𝑒 [𝐶]
                                                   (2.30) 

The corresponding dependence of the density of implantation-induced defects,  C 

(𝑑𝑒𝑓𝑒𝑐𝑡𝑠/𝑐𝑚3), on the ion fluence ϕ (𝑖𝑜𝑛𝑠/𝑐𝑚2  ) is given by [84]: 

𝐶 = 𝐴𝜙𝑛                                                       (2.31) 

where 𝑛 is 1 for a linear accumulation of the damage and 𝐴 is the concentration of impurities 

(both ions and vacancies).  
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2.2.2 Maxwell Garnett mixing formula 

Traditionally Lorentz molecular theory is derived from the macroscopic Maxwell’s 

equation, and therefore it cannot directly be employed for calculating macroscopic 

quantities such as the permittivity of a composite. However, The Maxwell Garnett mixing 

formula considers both the electric and magnetic dipole moments inside a composite 

material. The starting point for modelling a complex, homogeneous, electromagnetic 

medium is ‘homogenization theory’.  Within this theory the effective permittivity, 휀𝑒𝑓𝑓𝐺
, 

of such the composite is giving by the following mixing formula [85, 86]: 

휀𝑒𝑓𝑓𝐺
= 휀ℎ

1+2𝑓
𝜀𝑖−𝜀ℎ

𝜀𝑖+2𝜀ℎ
 

1−𝑓
𝜀𝑖−𝜀ℎ

𝜀𝑖+2𝜀ℎ

= 휀ℎ
ℎ+

1+2𝑓

3
 ( 𝑖− ℎ)

ℎ+
1−𝑓

3
( 𝑖− ℎ)

                          (2.32) 

This equation is used to predict the dielectric properties of ion implanted TiO2 in chapter 5. 

 

2.2.3 Self-Assembled Monolayers (SAM) on metallic surfaces 

Self-assembled monolayers (Chapter 6) are of immense importance and interest in surface 

science in part due to their ability to tailor the surface chemistry of metals. However, the 

direct characterisation and detection of self-assembled monolayers (SAMs) is often 

challenging because of the inherently small dimensions of these systems (typically only 

several nm). Techniques and methods, such as atomic force microscopy (AFM) [87], 

Fourier transmission infrared spectroscopy (FTIR) or ellipsometry  [88, 89] that have 

historically been used to observe SAM formation, for example, are typically invasive, 

costly, and cumbersome. Therefore, there is significant interest in the research and 

development of alternative techniques that are both passive and provide rapid results. 

Plasmonic devices for sensing SAMs have gained significant attention due to their ease of 

operation and extreme sensitivity to changes in the near-surface dielectric properties of the 

surrounding media  [90-93].  
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Figure 2.7  Schematic of a fully assembled 

thiol-SAM on a metallic surface, showing the 

attached head group, carbon chain, and the 

functional group. Due to the asymmetry of the 

CH2- distribution in the carbon chain, the 

molecules are slightly tilted with respect to the 

surface. 

 

Formation of SAMs on surfaces usually takes place from solutions or from vapor phases 

that contain a carrier (solution) with the molecules of interest and is considered to be a 

stochastic, dynamic process [94]. The chemical group responsible for the attachment of a 

SAM to a surface is called the “head group” whilst the chemical group at the other end of 

the carbon chain which can be chemically altered is called the “functional group”. At the 

end of the self-assembly process, a close-packed layer with a thickness of ~ molecule length 

× sin (tilt angle) is formed. This is often slightly tilted with respect to the surface due to the 

mechanism of head-group reaction and the asymmetry of the CH2- radicals in the carbon 

chain [95-97]. Figure 2.7 shows a schematic of a fully assembled SAM on a metallic 

substrate.  

In nature, the most important driving force for monolayer formation by self-

assembly is the interaction force between molecules or atoms of surfactant and the surface. 

Surfactants, also known as “surface active agents”, are a special kind of molecule with both 

a hydrophobic tail group and a hydrophilic head group. They play a critical role in the 

formation of self-assembled monolayers. Surfactants are able to absorb on a surface, even 
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at relatively low concentrations, due to special properties of their hydrophilic tail. When 

surfactants are present on a surface or interface, the hydrophobic interactions between the 

tail group and the surface causes the surface energy to be drastically reduced. On the other 

hand, the surfactants’ head group plays a critical role in the function of SAM as a sensor. 

The large variety of available head groups, each having a different charge, size, and chain 

length makes SAMs an attractive option for surface engineering.  

 In general, depositing a self-assembled monolayer on a metal’s surface creates a 

protective barrier between the environment and the metallic surface as well as introducing 

additional functionality. The thiolate alkyl chains comprise both a hydrophobic tail group 

to create a monolayer onto the metal substrate and a hydrophilic head group. Although the 

functionality of the monolayer is largely determined by the hydrophilic head group, several 

different functional groups also contribute. Examples of functional groups which 

chemically react with head groups are carboxylic acid, phosphate and sulphate. 

2.2.3.1 The Effective Refractive Index of SAMs 

The effective refractive index, 𝑛𝑒𝑓𝑓 , of SAMs can be determined by calculating the 

integrated RI through the structure with respect to depth from the surface, i.e.[98, 99]  

 

𝑛𝑒𝑓𝑓 = (
2

𝛿𝑧
) ∫ 𝑛(𝑧)

∞

0

exp (
−2𝑧

𝛿𝑧
) 𝑑𝑧 

where 

    𝑛(𝑧) = 𝑛𝑇     for   0 < 𝑍 < 𝑑𝑇 

and 

   𝑛(𝑧) = 𝑛𝑠      for  𝑑𝑇 < 𝑍 < ∞ . 

This results in a final effective RI of the SAM of: 
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                 𝑛𝑒𝑓𝑓 = (𝑛𝑇 − 𝑛𝑠)[1 − exp (
−2𝑡𝑆𝐴𝑀 

𝛿𝑧
)] + 𝑛𝑠                        (2.33) 

 

here 𝑛𝑇 is the thiol refractive index and 𝑛𝑠 is the refractive index of the dilute thiol solution 

(usually thiol dissolved in ethanol); 𝑡𝑆𝐴𝑀 is the thickness of SAM which is less than or 

equal to the length of the thiol.  

During SAM formation, the dielectric function of the adlayer (the thiol which is 

assembled on the metal substrate) changes as a function of time. These changes can be 

detected using plasmonic sensors by measuring the intensity of the transmitted light or by 

measuring the shift of the resonance peaks at different time points. The dielectric constant 

will continue to change until complete coverage is achieved on the surface. 

2.2.3.2 SPR Response and Sensitivity Factor  

SPR response, 𝑅, is a term which is often used to describe the sensitivity of a plasmonic 

device based on the SPR wavelength shift,  ∆𝜆. We note that 𝑅 is also often used to denote 

reflectivity in optics; however, in context of SPR sensors, it represents the shift in the 

wavelength of the resonant peak positions. 𝑅  depends on both the sensitivity, S, (see 

Chapter 1, section 1.5) and refractive index variation (∆𝑅𝐼) of the medium in contact with 

the metal surface [99]: 

𝑅 = 𝑆∆𝑅𝐼                                                          (2.34) 

Through the sensitivity, R varies as a function of the shift in the wavelength of the 

resonant peak position (i.e. 𝑅 ∝ 𝜆2 − 𝜆1 = ∆𝜆). If the peak shift is linear with changes in 

the RI then R associated with the SAM can be defined as 

𝑅 = 𝑆 (𝑛𝑒𝑓𝑓 − 𝑛𝑑 ) 

𝑅 = 𝑆 ((𝑛𝑇ℎ𝑖𝑜𝑙 − 𝑛𝑑)[1 − exp (
−2𝑡𝑆𝐴𝑀

𝛿𝑧
)])                             (2.34a) 
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If the peak shift is quadratic (nonlinear) then R is defined as 

 

𝑅 = 𝑆1 (𝑛𝑒𝑓𝑓 − 𝑛𝑑) + 𝑆2 (𝑛𝑒𝑓𝑓 − 𝑛𝑑)
2
 

𝑅 = 𝑆1  ((𝑛𝑇ℎ𝑖𝑜𝑙 − 𝑛𝑑)[1 − exp (
−2𝑡𝑆𝐴𝑀

𝛿𝑧
)]) + 𝑆2 ((𝑛𝑇ℎ𝑖𝑜𝑙 − 𝑛𝑑)[1 −

             exp (
−2𝑡𝑆𝐴𝑀

𝛿𝑧
)]2)                                     (2.34b)         

 

here 𝑛𝑒𝑓𝑓 is the properly weighted average of the refractive index of the thiol 

(𝑛𝑇ℎ𝑖𝑜𝑙) which is attached to the metal surface plus the refractive index of the medium 

(𝑛𝑑). The constants, 𝑆1and 𝑆2, can be determined from the calibration curve.  In this study, 

the medium, 𝑑, was air/water/ethanol or a dilute solution of SAM. During the experiment 

studying SAM formation, ∆𝜆 was frequently measured at different time intervals to 

characterise variations in R [99]. In the case of highly-ordered SAMs, at full coverage, the 

thickness of the monolayer (𝑡𝑆𝐴𝑀) is similar to the length of the thiol. For partial coverage, 

𝑡𝑆𝐴𝑀 is smaller than the length of the thiol.  

2.2.3.3 Determining SAM Thickness from the SPR Response  

To estimate the thickness of the SAM (assuming 𝑡𝑆𝐴𝑀 is very small compared to 𝛿𝑧 ) we 

can use the following equation based on the  SPR response [99]: 

 

𝑡𝑆𝐴𝑀 = − (
𝛿𝑧

2
) ln (1 −

𝑅

𝑅𝑚𝑎𝑥
)                      (2.35) 

 

where 𝑅𝑚𝑎𝑥 is the maximum response which for thiols is defined as: 

 

𝑅𝑚𝑎𝑥 = 𝑆(𝑛𝑇ℎ𝑖𝑜𝑙 − 𝑛𝑑).                                     (2.36) 
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2.2.3.4 Determining the Thiol coverage from the SPR response 

Equation 2.35 can be used to estimate the average SAM thickness within the area of the 

sensor. Once 𝑡𝑆𝐴𝑀 is calculated, it can be converted to surface concentration or coverage, 

𝐶𝑇ℎ𝑖𝑜𝑙, normally quoted as molecules/𝑛𝑚2 [100]. To convert from 𝑡𝑆𝐴𝑀 to 𝐶𝑇ℎ𝑖𝑜𝑙 it is 

necessary to multiply the former by the thiol density, N, which should be in units of 

molecules/𝑛𝑚3, i.e. 

 

𝐶𝑇ℎ𝑖𝑜𝑙 = 𝑡𝑆𝐴𝑀 × 𝑁                                              (2.37) 

where 

𝑁 =
𝜌 

𝑚
× 𝑁𝐴                                                (2.38) 

 

where 𝜌 is the thiol density in g/cm3, m, is the molecular weight and 𝑁𝐴 is Avogadro’s 

constant. 

 

2.3 Overview of experimental methods 

This section focuses on the nanofabrication tools used for this thesis and describes the 

procedures and methods for generating a wide range of metallic nanostructures.  

2.3.1 Nanofabrication via Focused Ion Beam (FIB) 

During the late 1970’s Levi-Setti, Orloff and Swanson, developed the focused ion beam 

(FIB) based on field emission technology. Development continued during the early 1980s 

and the first commercial FIB setup was introduced in the early 1990s for use in the 

semiconductor industry. Gradually FIB has become increasingly widespread and is now 

used for research in a large range of different areas including material science, failure 

analysis, and for chip design. The FIB enables localized milling at high precision ranging 

from a few nanometres to hundreds of microns by using a focused beam of ions.  
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In FIB nanofabrication, appropriate gases are localised at the sample surface to 

carry out either subtractive or additive lithography through sputtering or decomposition 

respectively without using any mask. The chemical reactions between the ion beams and 

the target surface generate both secondary electrons and ions; therefore, FIB can be used 

for imaging, milling or deposition progress during nanofabrication [101]. What follows is 

a description of the essential elements in the FIB system and a description of its basic 

operation. 

The FIB setup system looks and operates in a way which has many similarities with 

the scanning electron microscope (SEM). Whereas SEM relies on a focused electron beam 

for imaging the target surface, FIB utilises an ion beam. The essential components of the 

FIB setup are shown in Figure 2.8. A liquid-metal ion source (LMIS) is used to emit ions 

and focus them onto the surface of the target. Typically, an ion beam is generated from 

liquid gallium by application of a high electric field (108 𝑉/𝑐𝑚). The use of gallium is in 

part due to its low melting point which means it exists in the liquid state at room 

temperature. This reduces the need for high temperatures to heat the source and increases 

the source lifetime. A substantial voltage (7000 𝑉) extracts positively charged ions from a 

reservoir of liquid gallium. Ga+ ions are emitted towards a very sharp tungsten needle 

(radius ~ 5-10 nm). The final focused ion beam diameter at the target surface depend on (i) 

the extraction voltage, (ii) the strength of the electrostatic lenses, (iii) lens aberration, (iv) 

the lateral ion repulsion effect, and (v) the aperture size. The ion beam energy and current 

can be varied by changing the aperture size. These apertures control the beam size to 

achieve either a low current for high-resolution, non-destructive imaging or slow sample 

milling, or a high-current for rapid sample milling. An upper magnetic octupole is used for 

controlling the beam astigmatism and a lower one for  raster scanning the beam in a user-

defined pattern [102]. 
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Figure 2.8 Schematic diagram of the essential elements of the FIB. Adapted from Ref [102]. 
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2.3.2 Fundamental principle of FIB imaging, milling and deposition 

The most important physical effects of the incident energetic ion stream on the substrate 

are:  

I. Electron emission (used for imaging). The transfer of energy from the final focused ion 

beam to atoms at the sample surface cause secondary particles (electron, ion, neutral 

atom) to be ejected from the substrate. The multichannel plate (MCP) collects 

secondary electrons and ions for imaging. The measured signal directly depends on the 

ion beam energy, current, and the incident angle of the beam. In addition, the imaging 

efficiency also depends on the targets' atomic structure (chemical bonding) and 

orientation. Figure 2.9a shows how the target is raster scanned whilst the MCP collects 

the secondary particles. The resolution of FIB images is determined by the final focused 

ion beam diameter. It should be noted that the quality of FIB images can be impacted 

by damage to the sample caused by the LMIS and by unwanted Ga+ ion implantation 

during raster scanning for imaging. To ameliorate these issues during FIB imaging a 

fine ion beam (low ion current) is used to scan the target.  

 

II. Substrate atoms are sputtered from the target surface (ion milling). In contrast to FIB 

imaging, milling uses a high ion current beam as shown in Figure 2.9b. Energy from 

the incident ion is transferred to the target atoms and causes physical sputtering of 

material from the substrate. An arbitrary pattern is then etched during raster scanning 

across the surface. The sputtering yield refers to final focused ion beam energy, beam 

current, and target chemical structure. For instance, it is shown in table 2.1 the 

sputtering yields are different for various materials (data obtained by using Monte Carlo 

simulations[101]). The minimum dimensions of the milled pattern is equal to the size 

of the ion beam diameter. 
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 Implantation Depth (nm) Sputtering Yield (atoms/ion) 

Ga+ 

ion 

energy 

Si SiO2 Al Si SiO2 Al 

Si O 

10 keV 13 ± 5 12 ± 4 11 ± 4 1.46 0.62 2.23 2.59 

20 keV 20 ± 7 19 ± 6 17 ± 6 1.89 0.64 2.34 2.98 

30 keV 27 ± 9 25 ± 8 23 ± 8 1.98 0.67 2.25 2.91 

40 keV 33 ± 11 31 ± 10 29 ± 10 2.04 0.77 2.54 2.54 

50 keV 39 ± 14 38 ± 11 35 ± 12 2.01 0.67 2.39 2.48 

Table 2.1 Sputtering yields for Si, SiO2 and Al. Adapted from Ref [101] 

III. Molecular dissociation (deposition). FIB can be used to induce deposition of both 

metals and insulators at high spatial resolution. Typically, platinum and tungsten are 

deposited as the metal and SiO2 as the insulator. The deposition process is completely 

maskless and utilises chemical vapour deposition (CVD). In Figure 2.9c, a simple 

schematic of the deposition process is shown. Inside the chamber, an organic precursor 

gas (in the case of tungsten, W(CO)6, and for SiO2 usually oxygen or water) is sprayed 

by a nozzle onto the target surface (silicon for SiO2). In the second step, the precursor 

gas adsorbed on the target surface is decomposed using focused ion beam resulting in 

volatile reaction products being released and removed from the surface via the vacuum 

system. Finally, a thin layer of the desired reaction product (Pt, W or SiO2) is deposited 

on to the target surface [101-104]. 
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Figure 2.9 Basic principle of FIB. a) Electron emission (imaging), b) Substrate atom 

sputtering (milling) c) Molecule dissociation (deposition). Adapted from Ref [102]. 

  

2.4 Electron Beam Lithography  

Electron beam lithography (also known as E-beam lithography or simply EBL) is a high-

performance nanolithography technique, which offers a wide range of solutions for creating 

nanoscale size patterned samples. EBL has the benefit that it affords extremely high, 

diffraction-limited resolution, and versatile pattern formation over relatively large areas. 

The EBL system consists of two distinct fabrication methods: direct writing and projection 

printing.  

The first fabrication method using the electron microscope mainly developed during 

the early 1960s with the first useful structures fabricated and tested in 1964 [105]. The first 

commercial EBL instrument with linewidths beyond the resolution of conventional optics 

was introduced in 1969 [106]. What follows is a description of the EBL process, which 

include direct writing and projection printing techniques as well as an outline of the basic 

components of the EBL system [105-108]. 

 EBL exploits the high charge-to-mass ratio of electrons in order to focus and to 

ensure deposition deep within the target material. In Figure 2.10 a schematic of the EBL 
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instrument is shown[109]. The electron source (gun) is located at the top of the column and 

contains several subparts. It consists of a polycrystalline tungsten wire filament with an 

emitting plate. Recent research has revealed that thermally assisted field emitters (TFE) 

operate better and produce a more controlled exposure/electron dose. The TFE (commonly 

ZrO or W) is heated to about 1800K in the presence of an extremely high electric field. 

This causes electrons to accelerate and be removed from the source material. The 

accelerated electrons pass through an aperture, and a blanker is used to stop the electron 

beam entering the optical column. The beam current is aligned and steered by using 

electrostatic lenses [109-111]. 

 

 

 

Figure 2.10 

Schematic diagram of 

an EBL instrument. 

Adapted from Ref 

[107,108] [110, 111]. 
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The optical column contains a magnetic mirror cylinder, consisting of: (i) a zoom condenser 

lens for controlling the beam size, (ii) a stigmator to produce equal linewidths for the beam, 

(iii) a dynamic focus stigmator to eliminate height variations during exposure. A deflector 

for high-speed scanning over a large field-of-view. A high precision digital-to-analogue 

converter to guide the electrons to achieve the desired sub and primary field size [109-111]. 

2.4.1 Projection printing and direct writing 

The main advantages of high-voltage EBL over conventional photolithography techniques 

or wet chemical synthesis is its incredibly high resolution and increased functionality. EBL 

can precisely control both a patterns’ dimensions and alignment and is very versatile for 

nanoimprinting of dense arrays. Moreover, EBL systems are designed for long-term 

stability and can be automated. over the past few decades, the ''projection printing'' and 

more recently '' direct writing'' methods have been used with EBL. The main difference 

between these two distinct methods is how the electron beam is projected on to the resist-

coated substrate. In projection printing, a parallel electron beam passes through a mask and 

then exposes a substrate, however for indirect writing, a finely focused Gaussian electron 

beam directly exposes the substrate. Recently considerable effort has been made to improve 

the contrast of the direct writing technique and find new types of sensitive resist. In general, 

modern EBL consists of the following steps (see Figure 2.11): 

I. Deposition of a high resolution, sensitive resist, appropriate to the specific 

environment of a given process. Typically, two groups of resists are used based 

on their working principle. One of the most commonly used is PMMA, whilst 

another type of resist which is often used, is known as a chemically amplified 

resist. The first group of resists are categorised as a positive resist and can be 

either organic or inorganic. The second group are negative resists, such as SU-

8 [103]. 
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II. Exposure of the resists. A focused electron beam is used in one of two ways to 

expose the resist: either one pixel at a time or in a vector or raster scan. Once 

exposed, the resist is developed to remove either the exposed or unexposed parts 

[112].  

 

III. Deposition of a thin layer of the desired metal. The metal material which forms 

the structure is deposited via a PVD process [112]. 

 

IV. Removal, also known as a ‘lift-off’. Removal is the final step in the EBL process 

and is accomplished by soaking the sample in an appropriate liquid solvent (e.g. 

PMMA removal or acetone) and removing the remaining resist along with the 

unwanted material [103]. 

 

 

 

Figure 2.11 Schematic overview of the individual fabrication steps using EBL. Adapted 

from Ref [112]. 

 

2.5 Nanoimprint lithography  

Nanoimprint lithography (NIL) is a low cost, nonconventional method of nanofabrication 

for high throughput patterning that has the ability to fabricate nanostructures with great 

precision. In contrast to conventional lithography that uses electrons or photons, NIL relies 

on direct mechanical contact for patterning. Consequently, NIL has a spatial resolution 
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beyond the optical diffraction or electron beam scattering limit. In 1995 Chou et al. 

published the first demonstration of thermal imprinting using a silicon dioxide compression 

mould (as the rigid material) and a thin layer of thermoplastic polymer. They were able to 

fabricate a border and trenches with 25nm features at a depth of 100nm in PMMA[101]. 

Soon after (in 1996) Hasim et al. demonstrated mould lithography in a two-step process by 

spin coating a thin layer of UV-curable monomer on the surface of the sample. These 

monomers were a photoinitiator, meaning that they absorb UV light and then start the 

photopolymerization process. In their approach the monomer was solidified through UV 

exposure, and after removing the mould, the unexposed parts of the monomer were etched 

[113]. 

In 2003, the Massachusetts Institute of Technology declared that NIL was one of 

the ten emerging technologies that would influence the world. NIL based mechanical 

moulding uses a pre-defined mould (typically made via EBL) and a suitable resist (with 

both high strength and durability) applied on top of the substrate. In general, the resists can 

be categorised into two groups: (i) thermal monomer and (ii) UV-photo initiator monomer. 

Typically the material used for moulds are metals such as nickel, or a dielectric such as 

silicon dioxide and silicon [114-116]. 

2.5.1 Fundamental principles of T-NIL and UV-NIL 

In recent years various new attempts have been made to find economical solutions for 

nanoscale size patterning. NIL can be used for low-cost sub-10nm resolution production 

and can be replicated over large areas through repeated application of a template stamp. 

This section briefly introduces the essential elements in the imprint process, which have 

evolved recently. In general, NIL relies on two distinct imprint processes:  
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I. Thermal NIL (T-NIL). In a standard T-NIL process, a single layer of polymer 

(typically PMMA) is spin-coated on a substrate which normally is very thin to 

ensure high fidelity pattern transfer.  High mechanical pressures are required for 

pressing the mould onto the coated substrate. The topological patterns on the 

mould are then transferred to the resist polymer after heating it to the above the 

glass transition temperature. Note that the process parameters, pressure, 

temperature and time can vary depending on the resist material, resist thickness, 

and imprinted area. A possible consequence of this is that lower pressure can be 

compensated by increasing the fabrication time.   

 

II. UV-NIL. Whereas in T-NIL a solid resist needs to be heated up, in UV-NIL a 

liquid or droplets of resist (such as Nanonex, MII, AMO) are used at room 

temperature prior to imprinting. A transparent mould placed either at a constant 

distance from the surface of the resist or plunged into the dense droplet of resist. 

Patterning is done by curing resist with UV light owing to the low viscosity of 

the UV-curable monomer. 

 

In both processes, after imprinting, the mould is separated from the substrate. Although 

both techniques involve entirely different mechanical steps and materials, still they deal 

with the same challenges during the process of imprinting such as; resist deformation by 

displacement or squeezing. Figure 2.11 shows the necessary steps used for patterning of a 

surface by thermal NIL (see Figure 2.12b and 2.12d) [115, 117].  
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Figure 2.12 The NIL Process. a) A thermoplastic resist and patterns coat the Si surface at 

100 kV. The topological mould patterns (which were written by EBL) were transferred to 

the resist by compressing and heating the resist above the glass transition temperature, b) 

The step and stamp process to enlarge the imprinted area, c) Very thin layers of liquid UV-

curable resist coated over the surface of a Si substrate. A transparent mould sinks into 

resist at room temperature and after hardening by UV light the resist separates from the 

mould, d) The pattern was repeated over different areas of the sample by a ‘step and stamp’ 

process [117]. 
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2.6 Experimental methods for device fabrication  

The information given in this section provides an overview of the nanofabrication methods 

for the research presented in this thesis. As some details of sample preparation and 

fabrication protocol varied between different experiments, additional information is given 

in section 2.7 on the specific approaches used for each chapter of this thesis. The plasmonic 

devices used in this study were all fabricated at the Melbourne Centre for Nanofabrication 

(MCN) a Victorian Node of the Australian National Fabrication Facility (ANFF). 

2.6.1 Preparation of substrates 

Developments in FIB technology have enabled patterns with exceptional repeatability at 

some of the highest spatial resolutions to be produced. The plasmonic devices for this 

research were fabricated on top of a quartz substrate. The substrate (whose thickness was 

0.5 – 1.0 mm) was cleaned in acetone and isopropanol via sonication for 5 minutes and 

rinsed using distilled water. Drying of the substrate was carried out with N2 gas. Before 

deposition, the quartz wafer was dipped into piranha solution (a mixture of H2O2 and H2SO4 

3:1) to remove any organic residues. Note, the piranha treatment was an important step in 

cleaning the substrate for the SAM experiments and in other experiments was also used to 

promote adhesion between the quartz surface and the deposited metal layer. 

 The nanofabrication of plasmonic devices consisted of the deposition of 3 nm of 

Ge, 25 nm of Cr and between 150 to 160 nm of Ag via e-beam evaporation (Nanochrome 

II, Intlvac) at a base pressure of approximately 5×10-7 Torr. The deposition rate (for all 

deposited metals) started at 0.3 Å/s for the first 2 minutes and then was slowly increased to 

0.5 Å/s. Prior to deposition of the first Cr layer the substrate was plasma cleaned for 2 

minutes (using an argon ion source inside the chamber).  After the Cr, the Ge thin film was 

deposited which changed the grain-size and created a smoother surface, leading to 

improved adhesion of the top Ag layers. 
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Focused Ion Beam (FIB) lithography (Helios NanoLab 600 Dual Beam FIB-SEM, 

FEI) was used for nanofabrication of plasmonic devices with a beam current of 9.7 𝑝𝐴. The 

design of the plasmonic device which is based on cross-shaped apertures is shown in Figure 

2.13a. The FIB system also incorporated a patterning package (Nanobuilder) to produce 

more precise and complex milling patterns. The input for the Nanobuilder software were 

2D CAD designs produced using a software package called KLayout (see Figure 2.13b). 

 

 

Figure 2.13 a) Schematic of the plasmonic device structure for all experiments. The arm 

lengths and widths are denoted by 𝐿1, 𝐿2 and 𝑤 respectively. Linearly polarized light (TM, 

45°, and TE) shown from the substrate side. b) Schematic of one single cross aperture 

designed using the KLayout software.  

 

Patterns comprised asymmetric, cross-shaped nanoapertures, each cross has a long arm 𝐿1 

and short arm 𝐿2 with a fixed arm width, 𝑤. The periodic subwavelength arrays (with 

square‐lattice rows) placed with asymmetric distances across the x and y-axis that will be 

referred to as 𝑃𝑥 and 𝑃𝑦, respectively. Each sample comprises one or more patterns with 

different pitches sizes (an average number of 40 × 40 patterns were perforated for each 

array). The sputtering yield is a function of the substrate material (Ag) and incident ion 

energy as well as the ion current. A variety of designs with varying aspect ratio between 
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arms, different periodicities in the x and y directions, or different arm width sizes were 

produced. A vital characteristic of the design was the ability to tune the spectral output by 

varying the device geometry and to be able to excite different resonance peaks by changing 

the incident polarisation. 

During fabrication of the plasmonic devices using FIB Ga ions sputtered material 

from the thin Ag films to produce the desired structures. During fabrication a number of 

artifacts needed to be considered and, in particular, the redeposition of sputtered material 

(both Ga and Ag) onto the walls of the apertures. The effect of the redeposited material 

mixture resulted in a ‘halo’ around the aperture walls. The size of the halo is a function of 

the projected depth of the aperture [48]. In order to investigate this effect a number of 

different patterns were milled each having a different projected depth. Both a surface view 

of these arrays and cross-sections taken using SEM at a 52° tilt angle with a trench cut using 

FIB are shown in Figure 2.14. The values in the white boxes represent the actual milled 

thickness into the glass substrate.  

 

 

Figure 2.14 SEM images of apertures milled using a 55 nm, 70 nm, 85 nm and 100 nm 

projected depth. Bottom: The stage was tilted by 52 ° for the corresponding cross-sectional 

images.  The scale bar on the image on the right is 500 nm. 
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2.7 Optical Characterisation  

An inverted optical microscope was used to capture high resolution transmission brightfield 

images. The microscope was equipped with a bright-field condenser lens, a spectrometer 

and a cooled CCD camera.  The transmitted light was coupled to the spectrometer to enable 

the acquisition of a complete spectrum in visible regime.  The samples were illuminated by 

a plane-polarized white light source (halogen bulb). For this research, two different 

spectrometer systems were used, one based at the MCN and the other at LTU. Spectra 

presented in chapters 3 and 4 were collected at MCN whilst spectra presented in chapters 

5 and 6 were acquired at LTU. 

2.7.1 Micro spectrometry (MCN) 

The MCN instrument is mounted on a Nikon Ti-U Microscope equipped with dark-field 

condenser lenses and illuminated sample by a polarized white light. A unique feature of the 

MCN spectrometer is its ability to measure a wide spectral range, 190nm to 1000 nm. The 

spectrometer was a Princeton Instruments Isoplane 320 High performance spectrometer 

with a diffraction grating of 150 g/mm and 1200 g/mm and a “Deep Cooled CCD” camera. 

It can be used in both transmission and reflection brightfield and transmission darkfield 

modes. Prior to analysis the spectra were normalised with respect to the white field (WF) 

illumination measured through the bare quartz substrate. The WF was collected at the same 

polarization angle and through the same sample surface area.   

2.7.2 Micro spectrometry (LTU) 

The LTU instrument is mounted on a Nikon ECLIPS Ti-E inverted microscope that was 

equipped with a perfect focus system (PFS) as well as a dark-field condenser lenses. The 

LTU spectrometer was an Ocean optics spectrometer coupled via an optical fibre to the 

transmission port. The spectrometer is anchored by high definition optics. The LTU 

instrument had great thermal stability and sufficient working distance to incorporate 
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microfluidics enabling measurement in solution. It also has the ability to measure a wide 

spectral range, 200 nm to 1100 nm. This instrument was ideal for studying in-situ dynamics 

such as was required for some of the chemical and molecular sensing work. 

2.8 Summery of Experimental Method 

The nanoscale cross-shaped aperture structure that was used for the plasmonic devices was 

similar for all experiments. However, the measurements and applications for these devices 

are quite different for the different chapters. In order to clarify these differences a brief 

summary of the relevant methods for each measurement is now given with further details 

provided in the relevant chapter. 

2.8.1 Experimental method for chapter 3 

For the nanoscale colour filter fabrication, prior to deposition, the quartz surface underwent 

a final cleaning process using a broad beam of Ar ion source for 5 minutes.  The first 

deposited layer was Ge (note that no Cr layer was used for the devices presented in this 

chapter).  The periodic arrays of cross-shaped apertures were fabricated with either a 

varying arm size or a varying periodicity. A number of different arrays with periodicity 

varying in the y-direction whilst keeping the aperture dimensions constant were fabricated. 

After these devices were fabricated and characterised the effect of a varying arm-to-width 

ratio was also investigated.  

 In order to evaluate the spatial resolution (quality) of the milled patterns the 

sputtering yield of the FIB was characterised by considering the grain size of the thin films 

based on images taken in cross-section. Finally, the optical performance of the devices was 

evaluated using optical microscopy. Both transmission spectra and optical images were 

collected under TE, 450 and TM incident polarisation. The TE-polarization of the incident 

light was aligned with the x-axis of the array and the TM-polarization with the y-axis.   
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2.8.2 Experimental method for chapter 4 

Evaluation of the performance of Diamond-like carbon (DLC) as a protection layer against 

Ag oxidating aging was the main focus of chapter 4.  During imaging using the FIB-SEM 

system, hydrocarbon molecules inside the chamber react with the surface of the plasmonic 

device as the electron beam is rastered across the surface. This leads to the local deposition 

of a conformational film of only a few nanometers in thickness. This deposited material is 

mainly composed of an amorphous layer of carbon in a sp2/sp3 hybridisation state, known 

as DLC. In chapter 4, the DLC protection layer deposited immediately after milling the 

plasmonic structures is investigated. Different exposure dosages (0.3, 1.4, 3, 24, 41, 265 

𝜇𝐶/𝑐𝑚2) were used when depositing the DLC. 

2.8.3 Experimental method for chapter 5 

In chapter 5 the behaviour of the complex refractive index is characterised in Ga-ion 

implanted TiO2 thin film deposited by electron beam evaporation on top of a plasmonic 

device. Plasmonic devices were used to probe the ion-implanted thin films by depositing 

50 nm of TiO2 directly onto the devices. Following TiO2 deposition, Ga ions at an 

acceleration voltage of 16 keV were implanted into the thin films at a range of different 

doses using a focused ion beam radius of 5 nm. During implantation, the beam was 

continuously raster scanned over the area of interest to achieve a homogenous dose within 

the implanted zone. 

2.8.4 Experimental method for chapter 6 

In this experiment, dual-pitched cross-shaped arrays fabricated in 150 nm thick Ag films 

were combined with microfluidic devices fabricated in polydimethyl siloxane (PDMS). The 

microfluidic devices had 200 μm wide inlet channels and a 5 mm2 ‘sensing window’ (see 

the conceptual design in Figure 2.15a).  The microfluidic device was cast from a CNC 

fabricated aluminium mould. The PDMS was then attached to the Ag plasmonic device. 
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The samples of interest were optically characterised by collecting optical images and full 

spectra. The experimental setup and the illumination direction are shown in Figure 2.15.  

 

 

Figure 2.15 Design for the plasmonic sensor integrated into a microfluidic device. a) 

Conceptual device design producing a bimodal transmission spectrum which is used for 

the detection of changes in the surrounding RI b) The experimental setup and illumination 

direction for the incident light. 

 

For the SAM experiments contamination was found to be a significant issue therefore it 

was important to protect the active surface of the sample from any dirt, dust or 

contamination. Samples were stored either in a desiccator or under pure ethanol. Also, for 

some of the experiments samples were encapsulated in a microfluidic system which kept 

the surface of the sensor free of contaminants. Prior to and between each measurement 

ethanol was used to remove any residual sample. After completion of a set of measurements 

the device was cleaned by ethanol followed by deionised water and finally nitrogen gas to 

dry the device’s surface.  In addition, for SAM formation, the devices were directly 

immersed in the dilute thiol solution for a given time (e.g. 24 hours for complete coverage). 

This was followed by washing with ethanol and deionised water before finally drying using 

N2. 
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2.9 Summary 

In this thesis, the performance of plasmonic-based structures is investigated for a range of 

colour filtering, sensing and imaging applications. This chapter has presented the basic 

background and theory required to understand the function and output of EOT based 

plasmonic devices utilising periodic arrays of apertures. In addition, some of the relevant 

experimental methods have been described and are expanded on in each individual chapter. 

In the following chapter we will see how the geometrical parameters of bimodal plasmonic 

devices play a critical role in determining their output and hence their performance. 
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CHAPTER 3 

CONTINUOUSLY TUNABLE PLASMONIC COLOUR FILTERS   

 

3  INTRODUCTION 

This chapter describes the systematic investigation into the influence of plasmonic device 

geometry and the results of experiments conducted using plasmonic colour filters. The first 

half of the chapter explains how a continuous colour palette can be produced using bimodal 

plasmonic devices based on periodic arrays of cross-shaped nanoapertures. It explores the 

relative influence of a range of geometrical parameters.  It also examines the role of 

asymmetry in the device design and the use of linearly polarized light to obtain multi-

functionality from a single plasmonic device.  The second half of the chapter discusses 

simulation work carried out using the COMSOL Multiphysics 5.1 software to confirm our 

understanding of the influence of geometrical parameters on the optical characteristics of 

plasmonic colour filters.  

3.1 Influence of geometry on optical output  

Subwavelength cross-shaped apertures are the ideal candidate for demonstrating the 

potential polarization sensitivity of plasmonic colour filters owing to their inherent 

asymmetry. Cross-shaped apertures can respond differently to multiple different 

polarisation states and consequently can be used as the basis for plasmonic colour filters 

which produce a continuous colour palette as their optical output. Using high-accuracy 

nanofabrication techniques, it is now possible to study the influence of the aperture shape 

on the functional characteristics of these structures. The result is devices which have an 

increased dynamic range and sensitivity for a range of applications including colour 

filtering as well as chemical and molecular sensing. 
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Figure 3.1 shows a schematic of the cross-shaped aperture array used in this study 

and shows the axes which define the polarisation direction of the light which impinges from 

the glass side. TE and TM represent two orthogonal modes associated with the polarized 

light aligned along the x and y axes of the array, respectively. Each cross is characterised 

by three key dimensions: 𝐿𝑥 and 𝐿𝑦, which indicate the length of the arms along the x and 

y directions, respectively, and 𝑤 which represents the width of the arms of the crosses. The 

figure also shows the array periodicity in the x and y directions (𝑃𝑥 and 𝑃𝑦) and the Ag 

film thickness h respectively.  

 

Figure 3.1 Schematic illustration of the 

cross-shaped aperture arrays used in the 

present study. The cross apertures have 

dimensions of 𝐿𝑥 and 𝐿𝑦 and w as shown. 

The periodicity of the pattern along the x 

and y axis is given by 𝑃𝑥 and 𝑃𝑦, 

respectively; h is the Ag film thickness.  

 

Figure 3.2 presents SEM images taken of a typical cross-shaped aperture array used for this 

study. Figure 3.2a displays the periodic array pattern after FIB milling, b shows a zoomed-

in sub-region of the cross-shaped aperture array, and c is an image of a cross-section taken 

through two of the apertures.   
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Figure 3.2 SEM images of a representative array of cross-shaped nanoapertures. a) SEM 

image of one of the patterns, b) zoomed-in region of the pattern, and c) the FIB cross-

section through some of the apertures, showing the underlying glass substrate, Ag film and 

Pt/C which was deposited during the milling process. 

 

The high-resolution SEM images reveal a high fidelity in the cross-shaped apertures whilst 

the cross-cut shows the bevelled profile of the aperture walls (~83°), which is inherent to 

the FIB milling process. A thin film of Pt/C was deposited on top of the patterns in order 

to obtain a clean-cut section after milling.  

 

3.1.1  Effect of nanoaperture shape 

In the first part of the study the length of the arms of the cross-shaped apertures was varied 

whilst all other parameters were kept constant. Tables 3.1 summarises parameters used to 

investigate the effect of the arm length on the optical output. For this experiment all patterns 

were fabricated in a 150 nm thick Ag films and the arm length of the cross-shaped apertures 

was only varied in the y direction. 
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Table 3.1 The geometrical parameters used to investigate the effect of nanoaperture shape. 

The film thickness as well as, Px and Lx, were kept constant for all patterns.  

 

Figure 3.3 shows the transmission spectra collected under both TM and TE polarization 

modes for the structures defined in Table 3.1.  

 

Figure 3.3 Example transmission spectra under both TM and TE polarization modes for 

structures with variable arm length in the y direction.  

 

We observe that as Ly decreases, the resonant peak heights corresponding to the TE 

polarization gradually decrease. This decrease is accompanied by a reduction in the overall 

amount of transmitted light. The position of the peaks, however, remains largely unchanged 

as a result of the reduction in arm length. The situation is quite different for the TM 

Constant parameter values (nm) Variable parameter, 𝑳𝒚 (nm)  

𝑷𝒙= 300 

𝑳𝒙= 160 

𝑷𝒚= 450 

𝒘 = 40 

160 

140 

120 

80 

40 



 Continuously Tunable Plasmonic Colour Filters Chapter 3 

99 

 

polarization, where the resonant peak at shorter wavelengths (~420 nm) drastically 

decreases when Ly reaches 80 nm, and the one at longer wavelengths (~670 nm) drastically 

increases respectively. The origin of these effects will be discussed in detail in section 3.2 

and 3.3.3. Based on these results, we conclude that altering the cross-arm length leads to 

variation in the overall transmitted intensity but only relatively minor changes in the 

resonant peak position. 

3.1.2  Effect of array periodicity 

In the next set of experiments, ten patterns with varying periodicity Py were fabricated 

using constant values for Px (280 nm) as well as constant values for the cross-arm width 

and length (40nm and 160nm respectively). The geometrical parameters for the second 

set of experiments is summarised in Table 3.2.   

 

 

 

 

 

 

 

 

 

 

Table 3.2 The geometrical parameters used to investigate the effect of array periodicity. 

All parameters were kept constant whilst the periodicity 𝑃𝑦 was varied. 

Constant parameter values (nm) Variable Parameter 

 

 

𝑷𝒙= 280 

𝑳𝒙= 160 

𝑳𝒚= 160 

𝒘= 40 

𝑷𝒚 (nm) 

300 

320 

340 

360 

380 

400 

420 

440 

480 
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Figure 3.4a shows the optical images that were collected for all samples illuminated with 

TE, 45°, and TM linearly polarized light. 

 

Figure 3.4 a) Optical images of transmitted light for ten different periodicities using TM, 

45° and TE polarized light. b) Associated normalized transmission spectra showing the 

position of the main peaks P1 and P2. c) Mapping of b) to points on the CIE 1931 xy 

chromaticity diagram, demonstrating active polarization-dependent color tuning. 
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We observe that as the periodicity Py increases a continuous range of colours is detected 

using TM polarized incident illumination. The situation is quite different for the TE 

polarisation mode where a single colour dominates the spectrum. Optical images using 45° 

polarized light display a mix of the colours observed for the TM and TE polarisations over 

the entire range of periodicities. As the polarisation direction was continuously varied 

between the TM and TE modes a gradual colour change was observed. The transmission 

spectra shown in Figure 3.5 b shows the resonant peaks associated with the TM, 45°, and 

TE polarisations. The features of these peaks will be described in detail in section 3.2. 

Overall, as the periodicity in the y direction increases, the resonant peak position in the 

transmission spectra of the TM polarized light undergoes a red shift, whilst it shows almost 

no changes when using TE polarized light. The transmission spectra at 45° incident 

polarisation meanwhile reveals a convolution of the TE and TM modes. In summary, it is 

possible to achieve a rainbow-like colour palette by gradually varying the distance between 

the cross-shaped apertures in just one direction (y) whilst keeping it constant in another 

direction (x).  Figure 3.5a shows the SEM image taken from an array of cross-shaped 

apertures with gradually varying the periodicity in y direction. The corresponding optical 

images in Figure 3.5b demonstrate that in principle any colour can be achieved by choosing 

an appropriate periodicity. Furthermore, the colour palette can be readily adjusted by 

varying the incident polarization of the light. To determine the effect in terms of the 

perceived colours, linear colorimetric transformations were applied to each spectrum 

enabling the data to be displayed on a CIE 1931 xy chromaticity diagram (Figure 3.4c). All 

possible color palette combinations, resulting from the interpolation of the output at TE and 

TM polarisations observed for a particular pattern are plotted on the CIE 1931 xy 

chromaticity diagrams. 

 



 Continuously Tunable Plasmonic Colour Filters Chapter 3 

102 

 

 

Figure 3.5 a) SEM image of an array of cross-shaped apertures with a gradually varying 

periodicity in the y direction. b) Corresponding optical images of transmitted light for this 

structure using TM, 45°, and TE polarized light. The scale bar is 5 μm. 

 

Following the same fabrication principles, complex geometries can be readily achieved 

whilst retaining the same polarization sensitivity (Figure 3.6). 

 

 

 

Figure 3.6 SEM image (top) of complex structure 

design fabricated using apertures with varying 

periodicities. (bottom) Corresponding optical images 

of transmitted light using TM, 45° and TE polarized 

light. The scale bar is 15 µm. 
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We next wanted to explore the smallest possible pattern that could be fabricated whilst 

retaining the full functionality and polarisation sensitivity of the larger devices (Figure 3.7).  

 

Figure 3.7 a) SEM images of 2 × 20, 2 × 3 and 

2 × 2 nanoaperture arrays with gradually 

increasing periodicity in the x-direction. b) 

Corresponding optical transmission images 

under TM and TE polarization. The scale bar is 

10 𝜇𝑚. 

 

 

 

 

Figure 3.7 shows same trends in the colour output of the device as the periodicity is varied 

in one direction whilst keeping it constant in the other direction. Remarkably, even the 

smallest pixel fabricated from just 2×2 apertures retain this property, demonstrating the fact 

that the smallest achievable colour ‘pixel’ is in the range of 300 nm.  

 This experiment was followed by an investigation of the combined effect of both 

the aperture shape and pattern periodicity on the optical output of the plasmonic colour 

filters. In this case the geometrical parameters in the x direction (Px and Lx) were kept 

constant for all patterns.  The dimensions of the patterns in y direction were then varied as 

summarised in Table 3.3. 
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Constant parameter values (nm) Variable Parameter (nm) 

h =150 

𝑷𝒙 = 320 

𝑳𝒙 = 160 

𝑷𝒚 and 𝑳𝒚   𝐰 

𝑃𝑦 = 260 

𝐿𝑦 = 100 

50 

40 

30 

𝑃𝑦 = 280 

𝐿𝑦 = 120 

50 

40 

30 

𝑃𝑦 = 300 

𝐿𝑦 = 140 

50 

40 

30 

 

Table 3.3 The geometrical parameters (both constant and variable) used for the plasmonic 

devices. The film thickness and geometrical parameters in x-directions, Px and Lx, were 

kept constant for all patterns. Three different sets of geometrical values in the y-direction 

was considered (𝐿𝑦: 100   𝑃𝑦: 260), (𝐿𝑦: 120   𝑃𝑦: 280) and (𝐿𝑦: 140   𝑃𝑦: 300) with 

corresponding cross-arm widths of 𝑤: 50, 40, 𝑎𝑛𝑑 30 𝑛𝑚. 

 

Figure 3.8 displays the optical images and the corresponding spectra for all patterns taken 

in transmission mode under three different polarizations (TE, 45° and TM). The optical 

images in Figure 3.8 are organised such that each row corresponds to patterns with constant 

𝑃𝑥, 𝑃𝑦, 𝐿𝑥 and 𝐿𝑦 and variable arm width 𝑤. A direct correlation of the observed colours and 

transmitted spectra is observed when the incident light polarization changes from TE to 

TM. This is a direct result of the array asymmetry. Furthermore, by decreasing the cross-
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arm width, the transmitted intensity gradually decreases (resulting in dimmer colours), with 

no detectable shift in the resonant peak position. On another hand, by decreasing the cross-

arm length (Ly) and subsequently the periodicity (Py) by the same amount in order to keep 

the distance between the cross-arm in y direction constant, we observe a colour change from 

pink to yellow. These changes are reflected in the transmitted spectra for all polarizations, 

where the resonant peaks are blue-shifted as the Ly/Py ratio changes from 140 nm/300 nm 

to 100 nm/260 nm.  

 

Figure 3.8 Bright-field optical images of the transmitted light observed through nine 

different patterns for 3 different polarization modes. The geometry of the patterns is 

summarised in Table 3.3.  

 

From these set of results, it was clear that the reduction in the cross-arm width was primarily 

responsible for the decrease in the transmitted intensity and had negligible influence on the 

position of the resonant peaks. Also, it was noted that the variation in the cross-arm length 

and distance between the individual apertures results in a blue-shift of the resonant peak 

positions. However, from the experimental results it is difficult to determine which 

parameter is dominant in determining the output of the devices. In the next set of 
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experiments, we keep all the geometrical parameters constant whilst varying the film 

thickness.  

3.1.3 Influence of the film thickness  

Based on the above studies, we observed that the aperture periodicity plays a crucial role 

in determining the observed colour. In this section the effect of a varying film thickness 

was explored with experiments performed on films of 100, 150 and 200 nm Ag thickness. 

The overall effect of film thickness on transmitted intensity is illustrated in Figure 3.9.   

 

Figure 3.9 Normalized transmission spectra using TE (left) and TM (right) incident 

polarisation. The 𝑃𝑥 = 250 𝑛𝑚,  𝑃𝑦 = 310 𝑛𝑚 and 𝑤 = 40 𝑛𝑚 is identical for both arms. 

The Ag film thickness was 100 nm, 150 nm, and 200 nm. 

 

These initial studies looking at the effect of a varying film thickness identified two main 

trends: the overall intensity decreased as the film thickness increased and the intensity of 
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the resonant peak appearing at longer wavelengths decreased relative to the intensity of the 

resonant peak occurring at shorter wavelengths. The reasoning behind these observations 

is discussed in section 3.2. Table 3.4 summarises used parameters for the film thickness 

study. 

 

Constant Parameters, nm Variable Parameters, h,𝑷𝒚 (nm) 

 

 

𝑷𝒙= 250 

𝑳𝒙= 160 

𝑳𝒚= 160 

𝒘= 40 

 

𝒉  𝑷𝒚 

100 150 

250 

280 

310 

350 

390 

440 

500 

 

Table 3.4 The geometrical parameters (both constant and variable values) used to fabricate 

the plasmonic devices on two substrates with different Ag thickness. The periodicity in y 

direction (𝑃𝑦) 𝑤𝑎𝑠 increased.  
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Figure 3.10 and 3.11 show the optical images and the corresponding transmitted spectra for 

devices fabricated on 100 nm and 150 nm Ag films, respectively. The periodicity Px the 

cross-arm width was kept constant at 250 nm and 40 nm, respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.10   a) The optical images in transmission mode under TE, 450 and TM polarized 

light. b) Corresponding transmission spectra. The crosses were fabricated with variable 

periodicity in y direction: 250, 280, 310, 350, 390, 440 and 500. The thickness of the Ag 

film is 100 nm.  
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Figure 3.11 a) Optical transmission images under TE, 450 and TM polarized light b) 

Corresponding transmission spectra. Crosses were fabricated with variable periodicity in 

the y-direction: 250, 280, 310, 350, 390, 440 and 500 nm. The Ag film thickness is 150 nm. 

 

For both Ag substrates, as the periodicity in Y direction was increased, the position of the 

resonance peaks underwent a redshift. However, in contrast to the transmitted colours 

produced by the structures on 100 nm Ag, the structures on 150 nm Ag produced more 

vibrant colour palette. This effect is readily observable in the transmitted spectrum, were 

the influence of the second peak at longer wavelength gradually diminishes, giving rise to 

more defined colours. 
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3.2 Theory of periodic array apertures in metallic films  

In general, all spectra reveal two sets of dominant resonant peaks in each polarization mode.  

The position of these distinguishable peaks can be determined by using the dispersion 

relation for the EOT-based devices [1]:   

𝜆𝑆𝑃𝑃 ≅
𝑃

√𝑖2+𝑗2
√

𝜀(𝜔)𝑚𝜀𝑑

𝜀(𝜔)𝑚+𝜀𝑑
                                             (3.1) 

This equation is valid for a rectangular array of apertures, where P is the lattice constant 

(periodicity of the apertures) in x or y directions respectively, 𝜀𝑑 is the dielectric constant 

on either side of the metal film, 𝜀𝑚 is the real part of the dielectric constant of the metal 

film, and i and j are integers representing diffraction orders. This relation explains the 

presence of two set of resonant peaks in the transmission spectrum, associated with the 

Ag/glass and Ag/air interfaces. It also shows how the position of the peaks depends on the 

array periodicity observed in the experimental results. Besides the resonant peaks 

associated with these two interfaces, smaller satellite peaks observed in transmission 

spectra could be explained by the presence of Wood-Rayleigh anomalies (RA), which are 

characteristic to periodic metallic gratings, described by the relation [2, 3]: 

𝜆𝑊𝐴 ≅
𝑃

√𝑖2+𝑗2 √𝜀𝑑                                                      (3.2) 

Any changes in the periodicity of the same system (no changes of dielectric constant) 

produces spectral shifts according to the expressions:  

∆𝜆𝑆𝑃𝑃 ≅
∆𝑃

√𝑖2+𝑗2
√

𝜀(𝜔)𝑚𝜀𝑑

𝜀(𝜔)𝑚+𝜀𝑑
                                 (3.3) 

∆𝜆𝑊𝐴 ≅
∆𝑃

√𝑖2+𝑗2 √𝜀𝑑                                            (3.4) 
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In order to compare the experimental results with the results using these relations, a system 

composed of a Ag 150 nm film on glass with the geometrical parameters used in the 

experimental section was employed. All SPP modes in the transmitted spectral range 

studied here along with RA modes associated with Ag/glass and Ag/air interfaces were 

empirically calculated for different array periodicities and compared to the experimental 

data (Figure 3.12).  

 

Figure 3.12 a) Normalized transmission spectra for the 440 nm periodicity array (sample 

S8) showing the correlation of the peaks’ origin of different modes. b) Experimental (doted 

lines) and calculated (full lines) SPP and RA modes. 

 

From Figure 3.12 we note that the expected positions of peaks in the experimental data are 

redshifted compared to the calculated values. This red-shift was experimentally observed 

at ~4% redshifted wavelengths in other works as well and was analytically calculated using 

the Kramers–Kronig relation [4]. The discrepancies found between the experimental 

observations and the analytical interpretations could be explained by the fact that the 

dispersion relations do not take into account the role of the aperture geometry, film 

thickness and scattering losses within the aperture.  
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According to Chen et.al., the slits making up the cross-shaped apertures can be 

viewed as a bound charge oscillator, having a shape resonance (or cut-off frequency) of [5]: 

  

𝜆𝑟𝑒𝑠 = 𝐿√2(𝜀𝑑 + 1)                                       (3.5) 

where L is the cross-arm length. However, Stalzer et al. viewed the cross-shaped aperture 

as a waveguide and calculated the associated TE and TM modes using the two-dimensional 

scalar Helmholtz equation. Based on his model, the relation of the TE10 mode of the cut-

off frequency (which is the mode that is positioned in the spectral range studied here) is 

written as [6]: 

𝜆𝑟𝑒𝑠 =
𝐿2

0.7(𝐿−𝑊)
√𝜀𝑑                                       (3.6) 

where W is the arm width. According to Chen et al. and Stalzer et al. relations, the calculated 

cut-off frequency for the cross-shaped apertures studied here is expected to be in the range 

of 411 and 463 nm respectively. This localized SP mode (LSP) could be responsible for the 

discrepancies observed in the blue region of the spectra. However, it cannot explain alone 

the origin of the discrepancies in the red region of the spectrum.  

Other works have noticed the role of the film thickness on transmission light through 

perforated metallic films. The reason of the strong dependence of optical transmission on 

film thickness is the existence of SPPs on both sides of the film, due to the presence of two 

interfaces.  If the film thickness is close to or less than twice the ‘skin depth’ length in metal 

(which for Ag is ~29 nm at 400 nm wavelength), these SPP modes couple together, having 

a direct effect on the peaks positions. For symmetric structures with a similar dielectric 

medium on both sides, the SPP modes on both interfaces have same resonance frequencies 

leading to an increased transmission intensity. An implication of this is the possibility that 

coupling between SPPs occurs at a single set of peaks [7].  
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 From the transmission spectrum of the experimental data for structures explored in 

this study, another interesting aspect was noted. The peaks situated at longer wavelengths 

have a distinct Fano-type [8] asymmetric line-shape compared to the peaks situated at 

shorter wavelengths. The origin of this effect might be explained by the fact that the LSPs 

of aperture couple with the electromagnetic field of the SPPs and RAs. These LSP modes 

possess a narrow energy dispersion situated in the short wavelength region, described by 

the following relation [9]: 

𝐸 ≅
𝐸0

𝜋

𝐿

𝑡
cos(𝑘𝑆𝑃𝑃𝑡 +

𝜋

2
)                                   (3.7) 

where 𝑘𝑆𝑃𝑃 = 2𝜋 𝜆𝑆𝑃𝑃⁄ , E0 is the electrical field of the incident plane wave and t is the 

metal film thickness. 

Another effect associated with the metal film thickness is the existence of aperture 

waveguide modes that act as ‘Fabry-Perot’ resonators. In this case, the maximum intensity 

of transmission light depends strongly on the LSP mode and aperture geometry. This effect 

is substantial when the film thickness is bigger than half of the SPP resonance wavelength, 

e.g. >
𝜆𝑠𝑝𝑝

2
 . We note that the coupling of SPP and LSP modes, the resonant nature of 

apertures, the film thickness and the losses associated with the film internal structure, and 

the fabrication processes could explain the discrepancies found between the experimental 

data and analytical interpretation.  

3.3 FEM Simulations and Numerical implementation  

3.3.1  Introduction 

In parallel to the experimental data, COMSOL Multiphysics 5.1 software, which is based 

on the first principles of EM propagation, was employed to better understand the 

distribution of EM fields within the periodic structure. The approach used in designing the 

model geometry for the FEM simulations was similar to that used in experimental 
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fabrication: all aperture imperfections associated with the fabrication process, such as edge 

roundness, bevelling and over-milling were taken into account in order to find a better 

agreement with the experimental data. Figure 3.13 shows the model sketch used in the 

simulations. 

Figure 3.13 The schematics showing the 

cross-shaped apertures fabricated in 

optically opaque Ag films, the surface 

plane (xy plane) and cross-sectional 

planes (yz and zx). 

 

3.3.2 Simulation of output as a function of periodicity  

A summary of the resulted spectra along with the experimental results under TE and TM 

polarizations are sown in Figure 3.14.  The intensity of transmitted spectra is displayed for 

(a) simulated and (b) experimental data as a function of periodicity for TM and TE modes 

and their corresponded transmission spectra. The intensity was normalized to the incident 

light. The value of the main peaks 𝑃𝑥 and 𝑃𝑦 is shown in both, the map diagram and the 

plot.  
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Figure 3.14 Intensity maps of the transmitted light as a function of periodicity for TM and 

TE polarized light and their associated normalized transmission spectra for experimental 

a) and calculated b) data. P1 and P2 plots indicate the position of main peaks. 
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The results from the numerical calculations show the same trend of spectral red-shift, as 

the array periodicity in one direction is increased for TM polarization, while no shift is 

observed at TE polarization where the periodicity was kept constant.  

3.3.3 Near-field electric field distribution 

The calculated transmission spectra for the TM polarisation mode and the EM distribution 

through one of the samples with 𝑃𝑦=440 nm is displayed in Figure 3.15. The observed 

featured in the spectra are denoted by local maxima and minima points.  

 

Figure 3.15 Electric field distribution through a 

pattern with 280×440 nm periodicity. a) Calculated 

transmission spectra for TM polarization denoting 

points at which the electric field distribution is 

displayed in b). b) Normalized electrical field 

distribution (Norm E) along the yz and zx planes, 

and amplitude of the field component normal to the 

metal surface (Ez) in zx plane. 
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The position of the features displayed in Figure 3.15 were chosen to correspond to the 

electric field distribution near the SPP, RA and LSP modes, which were experimentally 

observed in the transmitted spectra. From Figure 3.15b, it is noted that the electrical fields 

associated with peaks P1, P2 and P3 have different mechanisms of far-field propagation. 

The peak P3 (~407 nm) depicts a strong localized mode within the aperture, readily 

noticeable in the amplitude of the field component normal to the metal surface (Ez plot), 

which might be attributed to the LSP. Based on the theoretical calculations, the position of 

this localized mode is expected to occur at ~411 nm. As all main SPP and RA modes occur 

at longer wavelengths, they do not expect to interfere with this LSP mode leading to a 

maximum in the spectra. This effect is also demonstrated by the absence of localized 

electrical fields at the Ag/glass or Ag/air interfaces in the ‘Norm E’ intensity maps for the 

P3 peak. In contrast, the peak P2 at ~525 nm shows a strong localized distribution of EM 

field at the Ag/air interface with visible far-field propagation demonstrating the SPP nature 

of the Ag/air (1,0) mode. Similarly, the peak P1 peak, with a strong electric field 

distribution at the aperture rims with an enhanced propagation, could be attributed to the 

SPP (1,0) Ag/glass mode. The RA (1,0) Ag/glass mode at 645 nm appears as a localized 

maximum (min/max) in the spectra. 

3.4 Conclusions 

The use of periodic arrays of cross-shaped apertures as polarization-controlled colour 

filtering devices was demonstrated and the geometrical parameters responsible for the 

control of optical output were discussed. It was concluded that the array periodicity plays 

a crucial role in the setting the colour palette value, where the increased periodicity led to 

a red-shift of the transmitted spectrum. The colour palette could be further varied by 

employing asymmetrical periodic arrays of apertures. A continuous change of colour gamut 

could be readily achieved by gradually changing the angle of linearly polarized light with 
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respect to the array cell. By increasing the metal film thickness, more vibrant colour palette 

is observed, as a result of suppressed plasmonic modes associated with Ag/glass interface. 

Furthermore, it was proven that using such structures, any desirable configuration could be 

used for much more complex devices with the same polarization sensitivity. Also, it was 

shown that pixels as small as 2×2 apertures retain these properties, making possible 

fabrication of ultra-small nano-pixels (~300 nm).  

It was demonstrated that the dispersion relations used to describe the peak position 

of SPP, and RA modes alone are not enough to explain the transmission output observed in 

the experimental details. Effects of the aperture geometry, film thickness as well as 

waveguide modes and the fabrication errors have to be considered in this scenario. FEM 

numerical simulations were carried out to better understand the nature of the individual 

peaks observed in the transmitted spectrum, by exploring the EM field distribution at the 

peak’s positions. 
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CHAPTER 4 

DIAMOND LIKE CARBON PASSIVATION OF PLASMONIC DEVICES                         

 

4 INTRODUCTION 

As discussed in Chapter 3, Ag-based plasmonic devices possess a high FoM due to their 

comparatively narrow resonant peaks and high sensitivity to local changes in the dielectric 

constant of the surrounding medium. However, it is well-known that Ag suffers from the 

oxidative ageing, making Ag-based plasmonic devices unsuitable for many real-world 

applications including chemical and molecular sensing. Figure 4.1 shows how Ag 

degradation impacts the optical efficiency of plasmonic colour filters. Due to the 

deleterious effects of oxidative aging it is thus critically important that the plasmonic Ag 

thin film is adequately protected from the surrounding environment. 

 

Figure 4.1 Optical images of an 

unprotected Ag plasmonic device a) 

before, b) after 1 month and c) after 

3 months submerged in water. Both 

TE and TM polarization modes are 

shown. 

 

Various published solutions have been proposed that aim to protect the active metallic film 

in plasmonic devices. The most common solution involves depositing an inert protective 

thin overlayer in order to create a physical barrier between the metal and the surrounding 

environment. Published demonstrations using thin layers of Au, SiO2, graphene, and 
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PMMA have shown varying degrees of success[1-3]. Other more conventional approaches 

involve simply storing the films under vacuum up until the point of application, however, 

this does not offer a solution to the problem of using the films as chemical or environmental 

sensors. Some of these approaches, however, such as capping Ag films with thin layers of 

Au dramatically alter the plasmon resonance structure and hence have the potential to 

degrade the corresponding FoM. 

 

Figure 4.2 Schematic of a nanofabricated device consisting of two parallel bars being 

protected by a) a conformational layer of SiO2, b) a partially-conformational layer of 

graphene, c) a non-conformational layer of PMMA. Adapted from references[1-3].  

 

Meanwhile, some of the other approaches, such as placing a graphene sheet on top of the 

device are very challenging from the standpoint of nanofabrication.  Finally, covering 

plasmonic devices with a protective layer of PMMA via direct spinning is relatively 

straight-forward. However, it has a number of disadvantages including the ability to have 

highly reproducible ultra-thin PMMA layers and a lack of conformal mapping between the 

protective layer and the underlying structure. This in turn leads to a tendency for the PMMA 

to fill in any troughs, or holes in the device potentially impacting performance. Figure 4.2 

summarises some of the challenges relating to the ability of the protective layer (e.g. SiO2, 

graphene and PMMA) to mimic the underlying nanostructure whilst not impacting device 

performance. 
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 The need to develop more effective and efficient means of protecting plasmonic 

devices motivated the present study in which we investigated the use of diamond-like 

carbon (DLC) as a capping layer. The advantages of using DLC include the fact that it 

conforms well to the underlying sub-structure and it can be deposited in very thin layers 

which do not significantly alter the plasmon resonance structure. Finally, DLC is deposited 

using electron beam induced deposition (EBID) meaning that the protective layer can be 

deposited onto the device at the same time that the structure is being characterised using 

SEM. The EBID method of depositing DLC uses volatile organic compounds and a rastered 

electron beam to locally deposit a conformational film typically only a few nanometres 

thick. DLC is largely composed of an amorphous layer of carbon in a sp2/sp3 hybridisation 

state[4].   

 Here, we used plasmonically active Ag nanostructures and subjected them to a 

range of environmental conditions whilst covered in layers of DLC. Through this study we 

aimed to determine whether DLC offers a potential solution to the problem of degradation 

and aging of Ag metallic thin films. 

  

4.1  Diamond-like carbon (DLC)  

Diamond-like carbon (DLC) is an amorphous form of carbon which has previously been 

applied in a range of different thin-film coating applications. The hydrogenated form of 

DLC is metastable and contains sp2 and sp3 bonded carbon (less than 40% is sp3 hybridized 

carbon). DLC is an inert, impervious hydrocarbon film with physical and mechanical 

properties suitable for use in a wide range of research, industrial, and biomedical 

applications. DLC coatings are characterized by properties similar to diamond such as high 
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electrical resistance and chemical inertness, high corrosion resistance, low coefficients of 

friction, and high optical transparency. Figure 4.3 illustrates how DLC, consisting of sp3, 

sp2, and even sp1 bonded carbon, has a range of properties spanning those of diamond, 

polymer, and graphite. In spite of the complex topography of DLC films, they can still be 

readily deposited in conformal and very smooth layers. Metals covered by DLC have been 

found to exhibit reduced wear and friction coefficients [5, 6]. 

  

Figure 4.3 Properties of DLC which 

include some features of diamond, 

polymers and graphite. Adapted with 

permission from reference [6]. 

 

 

 

 

           In addition to EBID, DLC can be deposited by physical vapor deposition (PVD), 

plasma source ion implantation (PSII), or plasma assisted chemical vapor deposition 

(PECVD) methods. The refractive index, density and hardness of DLC films can be 

controlled by the bias and temperature of the substrate when using these techniques. 

However, these approaches to creating DLC coatings result in film thicknesses of the order 

of microns and are therefore not appropriate to the current application in plasmonics which 

requires extremely thin, nanometer thick films. Hence, here we choose EBID as the most 

appropriate and straightforward method for producing DLC layers and which can be 

accomplished using hydrocarbon gases in an SEM [7].  

https://www.sciencedirect.com/topics/engineering/friction-coefficient
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           During SEM imaging, electron back-scattering occurs as the electron beam interacts 

with an electrically conductive substrate. The back-scattered electrons interact with any 

intrinsic contamination which is naturally present in the instrument chamber usually in the 

form of hydrocarbon gases. The resulting interaction leads to the formation of a DLC 

coating on the substrate. Previous studies have shown that highly conformal and smooth 

layers of DLC are produced as a result of EBID within the SEM.  

4.2  Controlling DLC film thickness via EBID dose 

In the present study we examine the protective influence of nanometer thick layers of DLC 

with respect to aging, deposited on nanostructured Ag thin films in a FIB-SEM, 

immediately following FIB milling of the films [4, 8, 9]. The thickness of the DLC layer 

can be controlled by varying the deposition dose and was calibrated in a previously 

published AFM study[4, 9, 10]; the results are displayed in Figure 4.4.  

 

 

Figure 4.4 Left: AFM image of pillars of DLC, each with a different height deposited using 

EBID.  Right: corresponding height profile used to estimate the DLC protective film 

thickness in the present study as a function of the deposition dose. DLC films were deposited 

using six different e-beam doses (D1=103, D2=5×103, D3=104, D4=5×104, D5=105 and 

D6=5×105 μC/cm2) under constant (e.g. 5 kV) acceleration voltage.  Adapted from Ref [4]. 
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The deposition dose under different SEM scanning conditions can be calculated using: 

𝐷 =
𝑄

𝐴
                                                   (4.1) 

where 𝑄 is the electric charge equal to 𝐼 × 𝑡 (here 𝐼 is the beam current used during the 

scanning and 𝑡 is the total dwell-time) and 𝐴 is the exposed area. Table 4.1 summarises the 

calculated dose and the extrapolated DLC thickness. These values were used to determine 

the DLC film thickness in the present study.  

 A B C D E F 

Exposure  

time, µ𝒔 

0.1 0.5 1.0 10.0 30.0 100.0 

Dose  µ
𝑪

𝒄𝒎𝟐 0.3 1.4 3.1 23.5 41.3 264.7 

Thickness, 

 𝒏𝒎 

0.5 0.7 0.8 1.0 1.1 1.2 

Table 4.1 DLC thickness for a range of different exposure times and dose rates. 

 

4.3  Influence of DLC on performance of plasmonic devices 

Prior to investigating whether DLC can be used as a protective layer for Ag-based 

plasmonic nanostructures, we first wanted to determine whether there was any significant 

impact on the plasmon resonance structure of these devices. To do this, we covered half of 

a plasmonic colour filter in a comparatively thick (1.1 nm) layer of DLC at a dose rate of 

41.3 µC/cm2 (column C – Table 4.1). Figure 4.5 shows the brightfield optical microscopy 

images and corresponding transmission spectra for one of these devices. The periodicity of 

the cross-shaped nanoapertures was different in the two orthogonal directions resulting in 

polarisation sensitivity in terms of the optical output. The results for TE, 450 and TM 

incident polarisation states are shown.  
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 A direct comparison of the optical output for the DLC covered and uncovered 

portions of the freshly prepared devices did not reveal any noticeable differences. From 

these tests we conclude that incorporating nanometre thick protective layers of DLC do not 

have any measurable effect on the optical output of these plasmonic nanostructures. 

 

Figure 4.5 a) Optical brightfield microscopy images and b) corresponding transmission 

spectra for a polarisation sensitive plasmonic colour filter partially covered with DLC 

(indicated by the white box). Data were collected using TE, 45° and TM polarised light. 

 

4.4  Use of DLC to protect against oxidative aging 

Previous studies have shown that scanning during SEM imaging induces the deposition of 

layers of DLC[4]. These layers not only act to protect the underlying substrate, they can 

also act as an etching mask which can be used in harsh chemical environments including 

in HF-based electrolytes [11, 12]. To test the protective properties of DLC in the context of 

Ag plasmonic devices, we fabricated a plasmonic colour filter and covered a small portion 

of the device in layers of DLC at a dose rate of 264.7 µC/cm2 (column D – Table 4.1). 

Figure 4.6 shows an SEM image of the plasmonic device fabricated in a 150 nm thick Ag 

film using FIB lithography.  
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Figure 4.6 a) SEM image of a plasmonic device immediately after the fabrication using 

FIB lithography. Note that a small central square in the device was covered by layers of 

DLC. b) Corresponding bright-field image of the film immediately after fabrication. c) SEM 

image of the same device after five months left on the benchtop, under ambient conditions, 

in air. d) Bright-field image of the device in c) showing signs of severe degradation of the 

optical performance of the unprotected areas. 

 

The insets in Figures. 4.6a and 4.6c show a higher resolution image of the cross-shaped 

aperture structures which make up the plasmonic device. Figure 4.6b displays the 

associated bright-field image straight after fabrication. The SEM image in Figure 4.6c 

reveals severe topological degradation of the apertures milled into the Ag film after being 

exposed for five months to air under standard RTP conditions. However, a small square 

area in the centre of the film which was protected by DLC remains almost unchanged (see 

inset, Figure 4.6c). The corresponding optical bright-field image of the device (Figure 
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4.6d), confirmed that 1.2 nm thick layer of DLC deposited at a dose rate of 264.7 µC/cm2 

in the centre of the device retained its plasmonic colour filtering properties whereas the rest 

of the device was degraded.   

4.4.1 Influence of DLC thickness versus resistance to oxidative aging 

Having established that DLC had the potential to protect Ag plasmonic devices from 

oxidative aging, the impact of DLC thickness (controlled via the EBID dose) on the 

passivation performance of these devices was investigated. For this study two identical 

periodic arrays of nano-apertures (Px :320,  Py :280 nm and Lx :160,  Ly :140 nm) were 

fabricated in Ag using the FIB lithography and subjected to two different EBID doses: 0.3 

𝜇𝐶/𝑐𝑚2 (sample A) and 1.4 𝜇𝐶/𝑐𝑚2 (sample B). This resulted in an estimated DLC 

protective layer thickness of 0.5 and 0.7 nm for samples A and B respectively (see Table 

4.1). Figure 4.7 shows SEM images of the device immediately after the fabrication (a) 

consisting of 40×40 and (b) consisting 3×3 nano-apertures. 

 

 

Figure 4.7 a) SEM image of 40×40 array. b) Unit cell with higher magnification 

highlighting the dimensions of the structures. 
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Following measurement of the transmission spectra for these samples immediately 

following fabrication, both samples were exposed for six months to air under standard RTP 

conditions. After this, the transmission spectra were again collected from both patterns. 

Figure 4.8 compares the transmission spectra before and after the ageing process.  

 

Figure 4.8 Comparison between the spectra of a freshly prepared plasmonic colour filter 

and one that has been exposed to air for six months. a) Sample A: the main resonance peak 

experienced a 20 nm redshift following oxidative aging. b)  Sample B: the main resonant 

peak experienced a 12 nm redshift following oxidative aging. 

 

From the transmission spectra, it is clear that both patterns retained their plasmonic 

performance following six months of exposure to air albeit with some detectable 

differences in the position of the principal resonance peak. We hypothesise that this shift 

in peak position for sample A (20 nm) could be due to a minor degradation of the cross-

shaped apertures. We also observe that the shift in peak position is less for sample B (12 

nm) which was exposed to a higher DLC deposition dose and consequently was covered 

by a thicker protective layer (0.7 nm for sample B versus 0.5 nm for sample A – see Table 

4.1).    
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4.4.2 DLC resistance to performance degradation in water 

Following the tests of DLC resistance to oxidative aging we next carried out a series of 

tests on DLC protected Ag-based plasmonic devices submerged in water. These tests were 

to demonstrate the applicability of DLC protected Ag devices to applications involving 

chemical sensing. For these studies a 0.8 nm thick DLC protective layer at a dose rate of  

3.1 𝜇𝐶/𝑐𝑚2 was used (see Table 4.1). Two identical patterns (here labelled ‘A’ and ‘B’) 

with Px = 350 and Py =300 nm pitch and Lx =160 and Ly =140 nm arm length were 

fabricated in the same Ag thin film. A Schematic illustration of the cross-shaped aperture 

arrays used in the present study is shown in Figure 4.9.  

 

Figure 4.9 Schematic of the cross-

shaped aperture array. The apertures 

have dimensions of 𝐿𝑥=160 and 

𝐿𝑦=140 nm. The array periodicity is 

given by 𝑃𝑥=350 and 𝑃𝑦=300 nm. The 

green dash lines indicate the distances 

between the edge of the crosses.  

  

For this test only pattern B was covered by the DLC protective film whilst pattern A was 

left exposed. The two patterns were submerged in water under standard RTP conditions. 

To minimise the effects of oxidative aging the tests were performed on the devices 

immediately following device fabrication. The devices were left under water but removed 

briefly at 24, 48, and 168 hours in order to record optical brightfield images. Following 
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removal from water and prior to optical characterisation a nitrogen gas stream was used to 

dry the sample. Figure 4.10 presents a summary of the results for the TE, 45°, and TM, 

incident polarisation modes. 

 

 

Figure 4.10 Optical brightfield images of an uncovered (A) and a DLC covered plasmonic 

colour filter(B). a) freshly preparred patterns. b-d) immersed in water for a period of 24, 

48 and 168 hours, respectively. The images were taken at TE, 45° and TM polarization 

modes after drying the samples. 

 

We observe that after 168 hours submerged in water both the DLC covered and uncovered 

samples exhibit signs of aging. However, the DLC covered device (B) exhibits substantially 

less degradation. The water damaged areas on the uncovered plasmonic devices are shown 

in Figure 4.11 (indicated by the white arrows) for uncovered sample. We note that the 

polarisation sensitivity of the damaged areas is no longer present. 
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Figure 4.11 The uncovered sample versus covered one after 168 h in water shown for three 

different incident polarisation modes (TE, 45°, TM).     

 

Figure 4.12 displays the associated transmission spectra under TE, 45° and TM polarization 

modes normalized to the incident light. The position of the observed peaks and maximum 

redshift at the end of the experiment are illustrated in Table 4.2. 

 

 Figure 4.12 Comparison of spectra collected from an uncovered and DLC covered 

plasmonic colour filter for TE, 45° and TM incident polarizations. 
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Sample 

POL 

A 

TE 

B 

TE 

A 

45° 

B 

45° 

A 

45° 

B 

45° 

A 

TM 

B 

TM 

Right 

peak 

Right 

peak 

Left 

peak 

Left 

peak 

Peak 

position 

fresh 528 529 528 527 447 446 443 445 

24 h 535 534 534 532 456 452 450 450 

48 h 543 536 539 533 460 456 468 463 

168 h 544 541 542 536 464 458 471 466 

Final redshift 15 12 14 9 17 12 28 21 

Table 4.2 Comparison of observed peaks at the end of all experiments stage collected for 

uncovered and covered sample. The final redshift after 168 h calculated for TE, 45° and 

TM polarization modes. 

 

After 24 h of being left in water we observe a redshift in the measured transmission spectra 

for both the uncovered and DLC covered plasmonic devices. However, in the case of the 

DLC covered device the redshift (as measured from the principle plasmonic resonance 

peak) was ~5 nm versus ~7 nm for the uncovered device. A possible explanation for the 

observed redshift even with the DLC protective overlayer is that the dose used and resulting 

DLC film thickness (column C, Table 4.1) was not sufficient to form a complete protective 

layer against liquids. However, after 24 hours the uncovered sample had larger shift 

compare to covered one (~8 nm versus ~2 nm in TE polarization mode). Interestingly, the 

amount of redshift for TM polarization mode at this stage is much bigger than TM mode 

(~18 nm). Furthermore, the amount of redshift under 45° polarization mode was smaller 

for the peaks near the TE mode’s peaks (right peak). The amount of redshift for uncovered 
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device increases much more than the covered one at the end of 48 and 168hours. The final 

observed redshift for both samples exhibits larger redshift for TM polarization mode (see 

Figure 4.12 and Table 4.2). The spectra for both devices revealed more redshift for TM 

polarization. This effect could be attributed to a smaller Ag surface area which did not lead 

to a continuous Ag film in y-direction. The distance between adjacent cross-shaped 

apertures in y-directon is less than in x-direction (see Figure 4.9), therfore, the overall 

continuous Ag surface area in y-direction was less compared to the surface area in x-

direction. Finally, the uncovered sample which, at 168 h submerged in water, reveals 

sections of the plasmonic device that have degraded to the point of no longer exhibiting 

any polarisation sensitivity. 

4.4.3 DLC resistance to performance degradation in harsh environments 

Having demonstrated the benefits of DLC protection in water we next wanted to study the 

performance of DLC protected Ag plasmonic devices in more aggressive chemical 

environments. The goal was to further demonstrate the utility of DLC covered plasmonic 

devices for a wider range of sensing applications. For the first part of this test we exposed 

a Ag plasmonic device to an iodine-containing gas – known to be a very aggressive Ag 

etchant. A portion of the device was covered with a 1.2 nm thick layer of DLC deposited 

at a dose of 264.7 𝜇𝐶/𝑐𝑚2 (see Table 4.1).  

Figure 4.13a shows example optical brightfield images collected from this device 

at standard RTP before (1) and after (2) exposure to iodine-containing gas at three different 

incident polarisations (TE, 45˚, and TM). There is a striking difference in the optical output 

of the regions covered by DLC (indicated by the white rectangles in Figure 4.13b) and the 

uncovered regions. 
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Figure 4.13 a) Optical images of 

the sample before (a1) and after (a2) 

exposure to iodine-containing gas 

taken under three different 

polarizations. b) SEM image 

showing areas protected by the 

DLC film. 

 

We observe that the DLC protective film was able to prevent any damage to the Ag film 

caused by interaction with the iodine gas and that the protected regions continued to exhibit 

full colour transmission for all incident polarisations. 

 Following the tests in iodine gas, the effectiveness of DLC in protecting Ag 

plasmonic devices in harsh liquid chemical environments was studied. For this test half of 

the Ag plasmonic device was coated in a 1.1 nm thick layer of DLC deposited at a dose of 

41.3 𝜇𝐶/𝑐𝑚2 (see Table 4.1). The device was then immersed in poly 

diallyldimethylammonium chloride for 1 hour and 3 hours respectively. Figure 4.14 shows 

example optical brightfield images of this device, comparing the output of the uncovered 

and DLC covered halves of the sample.  

 

 

Figure 4.14 Optical brightfield images collected under TE-polarisation mode from a Ag 

plasmonic device half covered in DLC. a) immediately after fabrication and after 

immersion in poly diallyldimethylammonium chloride for b) 1 hour and c) 3 hours. 
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Although both the uncovered and DLC covered halves of the plasmonic device undergo 

some degradation when immersed in poly diallyldimethylammonium chloride, it is clear 

that the uncovered portion undergoes substantially more damage than the covered portion. 

4.5 Conclusions 

Electron-beam induced deposition techniques using volatile organic compounds can be 

used to deposit nanometer thin amorphous diamond-like carbon films. Incorporation of 

DLC on surface of a plasmonic device lead to an ultra-thin and conformational protection 

layer. The use of DLC as a passivating layer for Ag based plasmonic devices against 

degradation was demonstrated and the influence of DLC thickness to oxidative aging was 

discussed.  It was concluded that the DLC has the benefits of negligible impact on the 

device optical performance. 

The current work revealed that the protection efficiency is a function of used e-beam doses, 

and higher doses show better protection performance against oxidation under ambient 

conditions owing to increase of deposited carbon amount and increase of DLC height. DLC 

films as thin as ~ 1.1 nm (deposited at a dose of 41.3 and 264.7 µC/cm2) were proven to 

demonstrate this ability even in harsh chemical environments, making this method most 

suited for high-sensitivity chemical and molecular sensing applications. Furthermore, the 

effect of the smallest applied dose (103 µC/cm2) was investigated. The amount of 0.5 nm 

thick DLC could not protect the device well, this effect could be attributed to the lowest 

dose rate which did not lead to a continuous DLC film. 
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CHAPTER 5 

BIMODAL PLASMONIC SENSORS FOR ION IMPLANTATION 

 

5 INTRODUCTION 

Plasmonic metamaterials have been researched extensively for a wide range of applications 

including chemical and molecular sensing. Using the phenomenon of Extraordinary Optical 

Transmission (EOT) these devices are able to sense extremely small changes in the local 

dielectric constant within the near-surface region. Whilst these materials have received 

significant attention as sensors for the liquid and gas phase, their use in the detection of the 

optoelectronic properties of solid-state samples has been less-well studied. This chapter 

includes an exploration of the application of bimodal plasmonic to detecting changes in the 

local optoelectronic properties of ion implanted thin films. This is described in the 

incorporated paper submitted to Advanced Functional Materials: “Bimodal plasmonic 

colour filters enable direct optical imaging of ion implantation in thin films”. 

5.1   Local refractive index sensing using biomodal plasmonic devices 

The increased versatility and dynamic range of bimodal plasmonic devices offers greater 

levels of sensitivity for converting small changes in the samples’ dielectric constant into 

shifts in the resonant peak positions which make up the measured transmitted spectrum of 

the device. These shifts in resonant peak position can be quantitatively modelled via 

empirical equations based on the device parameters and incident spectrum [1].  

 Changes in the TiO2 band-gap (Eg = 3.0 to 3.2 eV) affect the rate of light absorption 

and alter its photosensitivity [2]. Previous investigations have shown that reducing the 

bandgap can lead to enhanced light absorption, specifically in the visible region [3]. Doping 

TiO2 with metal and non-metal ions plays a crucial role in determining the optoelectronic 
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properties of TiO2 which has important implications for their application in a wide range of 

different devices. In particular, gallium ion implantation of TiO2 has been found to be 

highly effective in tailoring its band gap [4].  Previous experimental work has shown that 

the carrier concentration in TiO2 increases as a function of the gallium ion implantation 

dose which in turn has a strong effect on the refractive index of implanted TiO2.  A higher 

concentration of impurities has been found to make the configuration of the band-gap more 

stable leading to improvements in the light absorption performance inducing a redshift 

(smaller band-gap) [3]. The optical response of a non-homogenous, complex medium can 

be characterised in terms of the complex dielectric constant, 𝜀(𝜔). In principle, 𝜀(𝜔) 

describes how strongly an external electric field polarizes the charge carriers within a given 

material which would influence the coupling between surface plasmons and the electronic 

structure of the material.  

It is important to consider both the real and imaginary parts of the complex dielectric 

function together because, according to the Kramers-Kronig relation, they exhibit a degree 

of interdependency [5, 6] . The real part of the equation describes how strongly an external 

electric field can polarize the material whilst the imaginary part describes the ohmic losses 

due to electron-electron interactions and inter-band electronic transitions [7-10]. The link 

between the dielectric constant and the complex refractive index derives from Maxwell’s 

equations 

𝜀(𝜔) = 𝑛′(𝜔)2 = (𝑛(𝜔) + 𝑖𝑘(𝜔))
2
                                     (5.1) 

where 𝑛′(𝜔) is the frequency dependant complex refractive index which characterises the 

optical properties of the material [11, 12]. The coupling of light with the electronic structure 

of metamaterials is described by the equations governing the Surface Plasmon (SP) modes; 

this includes both long-range Surface Plasmon Polaritons (SPPs) and Localised Surface 
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Plasmons (LSPs). Other plasmon related phenomena such as Wood-Rayleigh Anomalies 

(RA) can be used to experimentally determine the values of the real component of the 

refractive index [13-20].  

5.2   Ion implantation mechanisms in thin films  

In order to corelate the optoelectronic properties of the implanted TiO2 regions with the 

plasmon resonance spectra, it is important to understand the mechanisms that induce 

changes in the local dielectric constant during the implantation process. The electronic 

stopping mechanism for ions entering the target material results in vacancy-interstitials. 

The total distance travelled by an ion prior to stopping is called the ion range (or ion 

implantation depth) and for the current study, the total displacement and range of ion in the 

target lattice (TiO2) was calculated by using the stopping and range of ions in matter 

(SRIM) Monte Carlo simulation software [21, 22] 

5.2.1 Transport of ions in matter  

The SRIM program calculates the interaction of ions in solids based on the Monte Carlo 

simulation method. The programme simulates the trajectories of energetic ions in matter 

and evaluates their energy loss and final stopping ranges within the solid. Here SRIM was 

used to evaluate the effects of gallium ion implantation on the TiO2 lattice such as excitation 

or displacement by the ions. It was also used to determine the energy losses for the ion due 

to either electronic or nuclear interactions with the target atoms. An extension of SRIM is 

known as the Transport of Ions in Matter (TRIM) method which is used to calculate ion 

penetration depths over a wide range of incident energies. Using TRIM the ion trajectories 

can be plotted in both 2D and 3D and the resulting information used to estimate the volume 

and density of the ion implantation. Figure 5.1 presents an example result outputted using 

TRIM for 16 keV gallium ions incident upon TiO2. 
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Figure 5.1 The concentration of impurities (ions and vacancies) within the target calculated 

using the TRIM software. a) A 3-D view of ion displacements within the target and a 2-D 

plot of the depth of penetration of the ions. b) The ion ranges and corresponding statistical 

moments. This peak can be used to obtain the distribution of defect densities within the 

target. 

 

5.3   Paper  

Table 5.1 Candidate and co-author contributions 

Manuscript title “Bimodal plasmonic colour filters 

enable direct optical imaging of ion 

implantation in thin films” 

Journal Advanced Functional Materials 

Publication status Under review 

Authors C. Sadatnajafi, E. Balaur, and B. Abbey 

Nature and extent of candidates 

contribution 

Sixty percent including data collection, 

data processing and analysis, image 

reconstructions, interpretation of results, 

and drafting of the paper and manuscript 

revisions. 

Nature and extent of co-authors 

contribution 

Forty percent including data analysis, 

drafting of paper manuscript and revisions 

and critical review. 
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5.4   Summary  

This chapter has shown how plasmonic colour filters can be used to experimentally 

determine the ion implantation dose and to characterise the optoelectronic properties of 

doped solid thin films. Maximum sensitivity was achieved by exploiting the bimodal 

characteristics of the device in combination with control over the incident polarisation. 

SRIM simulations were then used to help interpret the plasmon resonance spectra.  

 The use of plasmonic colour filters to detect changes in the local dielectric constant 

of implanted solid thin films provides a simple and direct means of characterising the local 

optoelectronic properties of these samples. This approach is expected to find a wide range 

of applications, particularly for ultra-thin layers where currently conventional optical 

imaging techniques struggle to measure the relevant material properties. 
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CHAPTER 6 

CHEMICAL AND MOLECULAR SENSING VIA POLARIZATION 

CONTROLLED PLASMONIC DEVICES   

 

6 INTRODUCTION  

Periodic subwavelength metallic apertures have the ability to passively detect variations in 

the dielectric properties of the local sample environment through modification of the 

plasmon resonances associated with these structures. For plasmonic colour filters this 

change manifests as an alteration of the measured transmission spectra collected using an 

incident white light source. The resulting peak structure can effectively provide a 

‘fingerprint’ indicative of the dielectric properties of the medium within the near-surface 

region of these devices. For example, the shift in measured transmission peak positions can 

be used to quantify variations in the local refractive index via the dispersion relation. Some 

of the advantages of using plasmonic colour filters in the context of chemical or molecular 

sensing include the ability for these devices to be miniaturised permitting the use of very 

small sample volumes. In addition these plasmonic devices can be manufactured to deliver 

extremely high sensitivity and rapid response times making them ideally suited to sensing 

dynamic changes in the local chemistry or for real-time molecular detection [1-3].  

In this chapter we explore the use of silver-based plasmonic colour filters for both 

chemical and molecular sensing.  Firstly, by exploring the optical output of these devices 

as a function of the incident polarisation for a range of different analytes of known 

refractive index (RI), we are able to both maximise and quantify their sensitivity. We are 

able to show that through a simple colour change we can detect small changes in RI simply 

‘by eye’. We then extend this work to the real-time monitoring of the formation of self-
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assembled monolayers (SAMs) based on detection of the optical output using a 

spectrometer. This latter application is much more challenging and highlights the potential 

for these devices to be able to dynamically monitor variations in the local environment 

down to the level of single molecules. 

 

6.1 Chemical sensing based on plasmonic nanopixel arrays  

In previous chapters it was demonstrated that through the introduction of asymmetries into 

the device structure/design it is possible to exploit variations in the incident polarisation to 

selectively modify the device output. In particular, periodic arrays of cross-shaped 

apertures were used to achieve a fine control over the resulting plasmon resonance modes 

that are excited within the devices and hence the measured transmission spectrum.  Here, 

this property of aperiodic plasmonic colour filters is explored in the context of enhanced 

chemical sensing.  

6.1.1 Chemical sensing using asymmetric periodic plasmonic arrays 

A number of previous studies have investigated the sensitivity of EOT-based devices to 

changes in the local dielectric constant, via monitoring of the plasmon resonance peaks, 

which in turn give rise to the characteristic transmission intensity associated with these 

structures [4, 5]. Typically, these investigations have utilised periodic structures which 

were insensitive to changes in the polarisation vector of the incident light. Here, we 

examine how the introduction of aperiodicity, and hence polarisation sensitivity, enhances 

the ability of plasmonic colour filters to detect changes in the near-field refractive index. 

One interesting property of aperiodic plasmonic colour filters is that the degree of 

polarisation sensitivity is wavelength dependant. Whilst at most wavelengths some kind of 

change, which often involves a wholesale modification of the optical output, is detected. 
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There are particular special wavelengths where the measured transmission intensity is 

entirely insensitive to the incident polarisation vector. We classify these points in the 

transmission spectrum as ‘isosbestic points’. Figure 6.1a shows a typical transmission 

spectrum recorded using a linearly polarised light incident upon an aperiodic array of cross-

shaped apertures in a silver film. There are two distinct periodicities associated with this 

nanoaperture array, 300 and 450 nm, in the X and Y directions respectively. 

 

Figure 6.1 a) Transmission spectra recorded at 10° increments of the incident polarization 

angle. The four main peaks associated with the primary SPP modes are indicated by the 

vertical lines. b) CIE 1931 chromaticity diagram illustrating the observed output colour of 

the device for the ten polarization angles used in (a). In the top right corner are example 

optical images corresponding to the 0°, 45°, and 90° polarisation angles [6]. 

 

Whilst varying the incident polarisation between 0° and 90° four main transmission peaks 

were observed, these can be assigned to the (1,0) and (1,1) Ag/glass and Ag/air SPP modes 

respectively. The presence and location of the isosbestic points is also readily observed in 

the spectra. Figure 6.1b illustrates the CIE 1931 colour map for the optical output 

corresponding to each of the ten polarisation angles respectively, with the inset showing 

example optical images taken at 0°, 45° and 90°. It is clear that the choice of incident 
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polarisation vector has a profound effect on the optical output of these devices. As 

discussed in Chapter 3, a linear transition in the colour palette is observed as a function of 

the polarisation angle [7]. 

To be able to test the sensitivity of these devices to changes in the local RI due to 

the introduction of different analytes, the devices were incorporated into a microfluidic 

device as shown in Figure 6.2. Using this microfluidic setup, real-time monitoring of RI 

changes due to analyte change could be performed via either measurement of the 

transmission spectra using a spectrometer or as a direct colour change ‘by eye’. A list of 

the analytes and their associated RIs used in this study are summarised in Table 6.1. The 

results obtained for the corresponding transmission spectrum for each of the different 

analytes tested are summarised in section 6.1.2. 

 

 

Figure 6.2 Schematic of microfluidic device used for chemical sensing measurement based 

on polarisation sensitive plasmonic colour filters. Details of the fabrication are provided 

in ref[6].  
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Analyte Air Water 0.1 M 

DMSO 

0.1 M 

Sucrose 

1M 

DMSO 

1M 

Sucrose 

DMSO 

RI 1.0003 1.3332 1.3341 1.3379 1.3421 1.3607 1.4707 

Table 6.1 List of analytes and their associated refractive indices used in this study. 

 

6.1.2 Results from chemical sensing measurements 

Figure 6.3 shows the transmission spectra for each of the 7 different chemicals measured 

for two different incident polarization angles (0° and 90°). As the RI of the analyte increases 

a redshift in the optical output is observed with the largest shift occurring for DMSO 

(RI=1.4707). The spectra reveal that even when the RI varies by less than 0.1% a 

measurable change in the optical output occurs. However, the spectral variation is more 

pronounced when the incident polarisation is set at 0°, defined here as being when the 

polarisation vector is aligned with the 450 nm pitch. A summary of the results showing the 

shift in wavelength of the main resonance peak and (for 90° polarisation) the secondary 

resonance peak as a function of the change in RI, corresponding to the data shown in Figure 

6.3 is presented in Figure 6.4. The RI sensitivity of the optical output at both 0° and 90° 

incident polarisation defined as, RI, is also shown.  
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Figure 6.3 Transmission spectra measured in air and seven analytes (see Table 6.1). The 

main resonance peaks are, associated with the Ag/Analyte and Ag/Glass interface SPP 

modes (indicated by the horizontal and vertical dashed lines) at a) 0° and b) 90° 

polarization. 

 

Figure 6.4 Relative wavelength shifts of the 

Ag/A peaks as a function of RI for 0° and 90° 

polarizations. The dotted lines represent 

linear fits to the data (the equations are 

displayed on the graph). 

 

 

As suggested by a qualitative assessment of the relative spectral variation, the sensitivity is 

considerably higher for the 0° polarization angle (435.5 nm/RIU) compared to the 90° 

polarization angle (313 nm/RIU). This difference can be understood by considering the 

dispersion relation: 

            ∆𝝀𝑺𝑷𝑷 ≅
𝑷

√𝒊𝟐+𝒋𝟐
(√

𝜺𝒅
𝟏𝜺𝒎

𝜺𝒅
𝟏+𝜺𝒎

− √
𝜺𝒅

𝟐𝜺𝒎

𝜺𝒅
𝟐+𝜺𝒎

)                                       (6.1) 
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From Eq. 6.1 it can be seen that the effect of increasing the periodic spacing between 

apertures induces a larger shift in the wavelength of the plasmon resonance peak for a given 

change in RI. In addition, based on findings in the literature, the sensitivity of the devices 

is expected to be larger for the main SPP resonance modes compared to the secondary 

modes. Here the difference is 313 nm/RIU for the primary versus 272.7 nm/RIU for the 

secondary mode. 

  

6.1.3 Chemical Sensing Based on Optical Colour Variation 

In section 6.1.2 a spectrometer was used to detect minute changes in the RI of analytes via 

measurement of the position of the primary plasmon resonance peak. Here, we explore how 

the change in transmission spectrum with wavelength translates to an optical colour change 

that can be detected ‘by eye’. Figure 6.5 presents the optical output corresponding to each 

of the spectra collected at both 0° and 90° incident polarisation shown in Figure 6.3 for the 

seven analytes. In addition, the results for 45°, corresponding to a linear combination of the 

output from the 0° and 90° polarisations is also shown. 

Of particular note is the fact that a distinct colour change can be observed ‘by eye’ 

in the device output for changes in RI > 0.05. As indicated by the relative shift in 

wavelength position for the main resonance peak (Figure 6.4) the colour change is most 

pronounced for the 0° polarization angle. The colour palette in the optical output is 

observed to change from bright green through pink, indigo and chartreuse as the RI 

increases. As implied by the dispersion relation, the relative shift in the main plasmon 

resonance peak position is a function of the array pitch size – which is also reflected in the 

magnitude of the colour change for the 0° compared to 90° incident polarisation angle. 

Even though the sensitivity is reduced, one advantage of using an illumination with a 90° 

incident polarisation, is that the device will have a larger dynamic range in terms of 
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detectable RI. Further, in cases where the colour change with RI is quite subtle, the use of 

optical filters can render the changes more obvious to the naked eye. This is also illustrated 

in Figure 6.5 where the blue channel (which showed the highest sensitivity to changes in 

RI) is shown.  

Figure 6.5 Left: Full spectrum 

colour palette recorded for all seven 

analytes at 0°, 45° and 90° incident 

polarization angles. Right: 

corresponding greyscale images 

showing the blue colour channel 

only. All images have been captured 

under identical conditions with only 

the polarisation angle and analyte 

being varied. 

 

 

6.1.4 Use of isosbestic points to characterise local refractive index 

Following the use of the measured transmission spectrum (section 6.1.2) and optical output 

detected ‘by eye’ (section 6.1.3) to characterise changes in the local RI, we next explore 

the potential to use the isosbestic points in the spectrum for chemical ‘barcoding’. As 

discussed previously, the transmission spectra consist of a set of primary and secondary 

SPP modes associated with two interfaces (Ag/A and Ag/glass), as well as Wood 

anomalies. The modes associated with the Ag/A interface tend to be the most sensitive to 

changes in the local RI of the analyte. Whereas, the Ag/glass modes typically remain 

unchanged. As the RI of the analyte increases, the modes associated with the Ag/A interface 
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tend to overlap with the Ag/glass ones, making the tracking of the position of these modes 

difficult and in many cases impossible [1, 8]. This effect is clearly observed in Figure 6.3b, 

where the position of the main SPP modes are not readily detectable. The same issue also 

impacted the ability to use the output colour alone as a way of detecting changes in the 

analyte RI. To increase sensitivity to RI changes and eliminate the need to track the 

resonance peak positions, we developed a new approach to analysing the optical output of 

these devices based on tracking the isosbestic points in the transmission spectrum. Based 

on a qualitative assessment of the spectral data collected for the seven different analytes 

tested, the changes in both the position and intensity of the isosbestic points appear 

extremely sensitive to any variation in the local RI. 

 The transmission, 𝑇(𝜃), at a given point on the output spectrum and for an arbitrary 

polarisation angle can be described as a linear combination of the transmitted light 

contributions taken at 0° and 90° incident polarisation, 

𝑇(𝜃) = 𝑇(0) cos2𝜃 + 𝑇(90)𝑠𝑖𝑛2𝜃                                (6.2) 

where  is the incident polarization angle. The corresponding intensity of the electric 

field, 𝐸(𝜃), associated with the transmitted light must obey the following relationship 

|𝐸(𝜃)|2 = |𝐸(0°)|2 cos2 𝜃 +  |𝐸(90°)|2 sin2 𝜃                     (6.3) 

At particular values of the isosbestic point wavelengths both 𝑇(𝜃) and |𝐸(𝜃)|2 will exhibit 

a special property that they are independent of the incident polarisation. To illustrate these 

features in the experimental data, Figure 6.6 presents the transmission spectra taken in air 

as well in all six analytes recorded at 10° increments of the polarization angle. The position 

of the isosbestic points are marked by vertical lines in each plot.  
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Figure 6.6 Spectra for a) air, b) water, c) 0.1 M DMSO, d) 0.1 M sucrose, e) 1 M DMSO, 

f) 1 M sucrose, and g) DMSO collected at 10° increments of the incident polarisation. The 

isosbestic points are indicated by the vertical lines. 

 

Figure 6.6 shows that there is a clear variation in the isosbestic point position, number and 

intensity depending on the specific RI of the analyte investigated. By extracting the 

quantitative values for the isosbestic points for different analytes therefore, we have a 

means of uniquely ‘barcoding’ them which appears to be more accurate than either 

monitoring the peak resonance shift or looking at the colour output by eye. The three 

variables that were used to identify specific chemicals were the position, intensity, and 
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overall number of isosbestic points recorded in the spectrum. A summary of the isosbestic 

point data for air and the six different analytes studied is presented in Figure 6.7. 

 

 

Figure 6.7 Isosbestic barcodes for a) Air, b) 

Water, c) 0.1M DMSO, d) 0.1M Sucrose, e) 

1M DMSO, f) 1M Sucrose and g) DMSO. 

Note that the vertical axis scale for b-g is 

identical to a. 

 

 

 

 

 

We note that although the wavelength of some of the isosbestic points are close (though 

still comfortably within our ability to resolve them), the overall combination of the 

intensity, wavelength position, and number of points provide a robust characteristic 

fingerprint for each analyte. In summary, comparing the three different approaches: 

resonant peak position, colour output, and isosbestic points, we find based on this data that 

the isosbestic points provide the most sensitive means of detecting changes in the local RI. 

6.2 Molecular detection using bimodal plasmonic arrays  

In section 6.1 the application of aperiodic plasmonic colour filters was explored in the 

context of chemical sensing. Here, we extend these ideas to investigate the formation of 
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self-assembled monolayers (SAMs) from solution, again using biomodal arrays of 

nanoapertures fabricated in silver films.  

6.2.1 Plasmonic devices for molecular sensing  

The structure and fabrication of the plasmonic devices used for the detection of SAM 

formation was similar to those used for chemical sensing. However, there was an additional 

issue when using these devices for molecular sensing due to the degradation of silver in the 

ethanolic solutions used to deliver SAMs to the surface of the plasmonic device  [9]. 

Specifically, selective oxidation of ethanol by the silver films leads to the formation of 

silver aggregates and recrystalization [10, 11]. Since the surface of the device needed to 

both protect the active silver film and provide a facile surface for the molecules to attach 

to. Gold was selected as a suitable capping layer both to prevent the ethanol solution 

reaching the silver and to provide a surface that the organic molecules could attach to. 

Whilst gold is both chemically inert and can be easily deposited, it’s performance within 

the optical regime for plasmonic sensing devices is less superior to silver. Hence, a thin 7 

nm layer of gold was chosen to enable the formation of a continuous capping layer free 

from pores or defects, whilst only having minimal impact on the performance of the silver 

plasmonic devices. We note that 7nm is much less than the typical skin depth of these 

devices in ethanol which is ~ 100 nm at λ=550 nm [12, 13], allowing for a substantial 

sensing volume to be maintained above the device surface. In order to test the stability of 

the plasmonic devices in ethanol, with and without a 7nm gold protective layer, freshly 

prepared devices were immersed in ethanol and their transmission spectra periodically 

measured (Figure 6.8).  



                                       Chemical and Molecular Sensing      Chapter 6 

184 

 

 

Figure 6.8 Transmission spectra of: a) a bare device with no protective capping layer and 

b) a device covered with a 7 nm Au film immersed in ethanol solution. c) The corresponding 

shift in the main plasmon resonance peak. Note that at 7 mins there is a large jump in the 

main transmission peak position for the unprotected device and hence the measurements 

were halted for the bare plasmonic after 10 mins. For the device protected by 7nm Au 

(orange markers) the shift in plasmon resonance peak position was found to be < 0.5 nm 

after 60 min. Note that the devices were also left in ethanol overnight for a total of 24 hrs 

and then re-measured and, even then, no peak shifts greater than 0.5 nm were observed. 

 

For the unprotected plasmonic device, a significant redshift of >60 nm occurs after 7 mins 

exposure to ethanol, this confirms the expected degradation of Ag which happens very 

rapidly due to oxidation of the surface. Given that the formation of a single SAM layer will 

only induce a relatively small shift in the resonance peak position, it is clear that the bare 

plasmonic is unsuitable for conducting these experiments. By contrast, just 7nm of gold, 

deposited on top of the devices was found to lead to a dramatic improvement in the 

resistance of the plasmonic device to degradation in ethanol. Even after leaving the devices 

in ethanol for 24 hours there was less than a 0.5 nm shift recorded for the primary resonance 

peak which is at the limit of detection for the spectrometer. 
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 Although a 7 nm gold capping layer was found to provide sufficient protection in 

the preliminary ethanol trials, this was increased to 10 nm for the final plasmonic devices 

used for the SAM measurements to provide a small margin for error in case of any 

variations or inconsistences in the fabrication. Figure 6.9 compares the results for the same 

plasmonic device before and after capping with 10 nm of gold. As expected, the gold layer 

only has a minimal influence on the main plasmon resonance peak resulting in a shift of 

4nm. This shift occurs partially due to the fact that Au itself exhibits plasmonic modes in 

the visible range [14]. 

 

 

Figure 6.9 Normalised transmission 

spectra of a plasmonic device before and 

after capping with 10 nm of gold. 

 

 

 

 

6.2.2 Physical characteristics of SAMs 

Having established a reliable means for fabricating plasmonic devices for molecular 

sensing, a set of model SAMs against which to benchmark these devices needed to be 

established. A summary of the optoelectronic properties of the three SAMs studied that 

were studied is presented in Table 6.2.  
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SAM name 

1-Hexa-

decanethiol 

(HDT) 

1-Octa-decanethiol 

(ODT) 

 

16-Mercaptohexadecanoic 

acid (16-MHDA) 

 

Molecular formula C16H33SH C18H37SH C16H32O2S 

# of carbon atoms C16 C18) C16 

Refractive index (𝑛) 1.462 1.483 1.765 

Permittivity (휀𝑆𝐴𝑀) 2.14 2.20 3.16 

Chain Length (nm) 2.0  2.8 1.9 

Skin depth (nm) @ 

λ=550 nm. 

117 114 76 

Table 6.2 The refractive index, permittivity, chain length and skin depth associated with 

the SAMs used in this study. Values take from refs[15, 16], [17], and [18]. 

 

The particular SAMs that were chosen for this study, 1-Hexa-decanethiol (HDT) and 1-

Octa-decanethiol (ODT), contain different numbers of carbon atoms in the molecular chain, 

and yet have a very similar RI. By contrast HDT and 16-Mercaptohexadecanoic acid (16-

MHDA) have the same number of carbon atoms but very different RI properties. Note that 

as discussed in chapter 2, the ‘skin depth’, 𝛿𝑧, is defined as the distance over which the 

component of the electric field associated with the SPP wave decays to 1/e of its initial 

value. A value for the skin depth can be determined by considering the dielectric constant 

for the metal and SAM, 휀𝑚  and 휀𝑆𝐴𝑀 respectively assuming a quasi-infinite layer thickness: 

𝛿𝑧 =
1

𝑘0
| 𝑚+ 𝑆𝐴𝑀

𝑆𝐴𝑀
2 |

1

2
 .                                               (6.4) 

https://pubchem.ncbi.nlm.nih.gov/search/#collection=compounds&query_type=mf&query=C16H32O2S&sort=mw&sort_dir=asc
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Figure 6.10 presents the calculated skin depth across the whole visible spectra for a 

dielectric layer which is just air as well as for the three SAMs used in this study. 

 

 

Figure 6.10 Skin depth calculated for 

air, HDT, ODT and 16-MHDA using 

Eq. 6.4. 

 

 

 

 

 

Figure 6.10 shows that in terms of the skin depth, HDT and ODT, have a very similar trend 

in spite of their differences in terms of chain lengths. Whereas, the skin depth for 16-MHDA 

is quite different from HDT and ODT by virtue of its distinct RI properties despite having 

the same chain length. In the following section, theoretical predictions of the expected 

sensitivity in terms of detecting these SAMs are presented.  

 

6.2.3 Theoretical calculation of the device sensitivity for SAM detection  

Historically, detection of SAM formation via conventional SPR approaches has proven to 

be quite challenging. As the differences in the skin depth demonstrate, the decay of the 

electromagnetic wave associated with the SPPs can be highly dependant on the local RI.  

Figure 6.11 presents a schematic of the Ez component of the electric field arising from the 
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propagation of SPPs in three different media: air, a quasi-infinitely thick SAM, and (after 

formation) a SAM which is just one molecule thick. 

 

Figure 6.11 Schematic of the decay of the Ez component associated with the SPP EM field 

for a) Free-space propagation, b) in a quasi-infinitely thick SAM and c) in a single SAM 

just one molecule thick. The dotted arrows the extent of the field in metal (𝜹𝒎
𝒅  and 𝜹𝒎

𝑺𝑨𝑴), 

air(𝜹𝒅
𝒅 and 𝜹𝒅

𝑺𝑨𝑴),  and in the SAM (𝜹𝑺𝑨𝑴
𝒅𝑺𝑨𝑴). 

 

The maximum skin depth for the plasmonic devices investigated here is ~ 295 nm at λ=600 

when the SPP electromagnetic field is propagating in air (Figure 6.11a) [19]. However, as 

the permittivity increases the corresponding skin depth gradually decreases. In case of a 

single SAM layer, the exponential decay curve initially matches that of the quasi-infinitely 

thick SAM (Figure 6.11b). However, once the electric field extends beyond the single 

molecule layer, the rate of exponential decay instead matches that consistent with air 

(Figure 6.11c). This results in a discrete step-change in the decay rate at the upper SAM-

air boundary. 
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 For the majority of practical sensing applications, the wavelength (or angle) shift is 

recorded as a function of the change in the refractive index of the medium being 

investigated. As described in Chapter 2, the relationship between these parameters is known 

as the sensitivity factor and is given by: 

𝑆 =
∆𝜆

∆𝑅𝐼
                                                      (6.5) 

This parameter gives an indication about the expected wavelength (or angle) shift as a 

function of the change in RI. Using Eq. 6.5 the expected sensitivity for three different 

device periodicities used for these measurements (350 nm, 400 nm, and 450 nm) was 

calculated and is summarised in Figure 6.12. 

 

 

Figure 6.12 The calculated sensitivity factor for the plasmonic devices used for SAM 

detection corresponding to three different pattern periodicities: 350, 400 and 450 nm. 

  

In the case of a finite SAM film with a thickness in the range of the skin depth, the SPR 

response, R, is given by: 
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𝑅 = 𝑆 ((𝑛𝑆𝐴𝑀 − 𝑛𝑑)[1 − exp (
−2𝑡𝑆𝐴𝑀

𝑡ℎ

𝛿𝑧
)]                                 (6.6) 

Where nSAM and nd are the RI of the SAM and the dielectric medium immediately adjacent 

to the SAM respectively; tSAM is the SAM thickness and z is the skin depth in a quasi-

infinite SAM. In the case of a highly-ordered monolayer, 𝑡𝑆𝐴𝑀 is very similar to the thiol 

molecule length, therefore, the Eq, 6.6 can be used to estimate the theoretical expected 

resonant shift for a given SAM. Likewise, from the experimental evaluation of the resonant 

spectral shift, 𝑡𝑆𝐴𝑀 can be calculated using the following derived relation based on Eq. 6.6: 

𝑡𝑆𝐴𝑀
𝑒𝑥𝑝 = ((

𝛿𝑧

2
) {

𝑅𝑒𝑥𝑝

𝑆[(𝑛𝑆𝐴𝑀−𝑛𝑑)]
}                                  (6.7) 

By comparing the experimental to the theoretically predicted SAM film thickness it is thus 

possible to estimate the total SAM coverage using: 

𝐶 =
𝑡𝑆𝐴𝑀

𝑒𝑥𝑝

𝑡𝑆𝐴𝑀
𝑡ℎ × 100%                                                     (6.8) 

Equations 6.6-6.8 were used to generate theoretical predictions against which to benchmark 

our experimental SAM data; the results are summarised in section 6.2.4. 

 

6.2.4  SAM refractive index and coverage                 

Polarization-sensitive devices with cross-shaped patterns and periodicities 𝑃𝑥:450 and 

𝑃𝑦:400 nm, protected with a 10 nm gold capping film were employed to study the formation 

of three SAMs discussed in section 6.2.2. A transmission spectrum was first collected in 

air prior to immersion in 1𝑚𝑀 SAM (MHDA, HDT or ODT) ethanolic solutions for 24 

hours.  This amount of time in the SAM should be more than sufficient to form a complete 

layer. After immersion in the SAM, the sample was cleaned using pure ethanol followed 

by a wash in deionised water and finally was dried using N2 gas. A comparison of the 
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measured transmission spectra before and after SAM deposition is shown in Figure 6.13 

for both TE and TM incident polarisation modes. 

 

Figure 6.13 Transmission spectra taken in air for three devices: (a, b and c) before and (d, 

e and f) after deposition of MHDA, HDT and ODT SAMs respectively.  

 

As expected, the spectra in Figure 6.13 reveal larger redshifts for the TE polarization mode, 

which is associated with the 450 nm periodicity. This effect was discussed earlier in the 

context of chemical sensing (see section 6.1.2). In addition, it is noted that the redshift is 

larger for SAMs with the same chain length, but different RI, compared to SAMs which 

have the same RI but different chain length SAMs. These results are entirely consistent 

with the predicted skin depth calculations (see Figure 6.10). 
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The red shift of the primary plasmon resonance peak provides a well-established 

means of tracking the formation of the SAM on the plasmonic device surface[20]. Using 

Eq. 6.7, the experimental SAM thickness can be determined from this peak shift. Once the 

SAM thickness, 𝑡𝑆𝐴𝑀
𝑒𝑥𝑝

 is extracted, the total SAM coverage within the measurement area 

can be estimated by using Eq. 6.8.  A summary of the theoretically predicted and 

experimental results for the SPR response, as well as the experimental data for the SAM 

thickness and coverage is provided in Table 6.3. 

 

SAM 

Type 

# of C 

atoms  

𝑹𝒕𝒉𝒆𝒐𝒓𝒆𝒕𝒊𝒄𝒂𝒍 

(nm/RIU) 

𝑹𝒆𝒙𝒑𝒆𝒓𝒊𝒎𝒆𝒏𝒕𝒂𝒍 

(nm/RIU) 

 

𝒕𝑺𝑨𝑴
𝒕𝒉  

(nm) 

𝒕𝑺𝑨𝑴
𝒆𝒙𝒑

 (nm) 𝑪𝑺𝑨𝑴 (%) 

TE TM TE TM TE TM TE TM 

MHDA 16 22.4 19.9 19.4 17 1.9 1.61 1.58 85% 83% 

HDT 16 9.3 8.3 8.5 7.5 2.0 1.79 1.78 90% 90% 

ODT 18 13.9 12.3 13 11.3 2.8 2.56 2.50  91% 90% 

Table 6.3 Theoretical and experimental comparison of the SPR response (Eq. 6.6.) and the 

SAM thickness (Eq. 6.7) as well as the coverage (Eq. 6.8) for TE and TM polarisation. Note 

that the theoretical SAM thickness, 𝒕𝑺𝑨𝑴
𝒕𝒉 , is given by the chain length (see Table 6.2). 

 

In general, long-chained SAMs (>18 C) such as ODT tend to form denser films [253]. This 

is supported by the experimental data based on the shift in the primary resonance peak 

position which shows a higher degree of coverage for the ODT then for the MHDA. The 

consistency in trends for R and the reasonable match between the theoretical and 

experimental values for R and for 𝑡𝑆𝐴𝑀 provide significant confidence in the viability of 
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our plasmonic devices for detecting the adhesion of self-assembled monolayers. Having 

established that the shift of the primary resonance peak for our devices provides a means 

of detecting and characterising SAMs, we now explore whether optical barcoding based on 

the isosbestic points can be used to differentiate between the three different SAMs. 

 

6.2.5 Using the isosbestic points for SAM detection 

In section 6.2.6 we determined that the position of the resonance peak can be quantitatively 

analysed in order to extract the SAM thickness and coverage. Next, the goal was to explore 

how sensitive the isosbestic points are to deposition of the SAM, this is an extension of the 

work in using optical barcoding for chemical sensing presented in section 6.1.4. One key 

difference here, however, is that (unlike for chemical sensing) because the deposition of 

the SAM is an irreversible process a new plasmonic device needed to be fabricated for each 

of the three SAMs.  The spectral data collected from the three plasmonic devices used for 

this study prior to deposition and following 24 hrs immersed in the SAM was presented in 

Figure 6.11. Whilst the data ‘before SAM’ spectra are very similar for the three devices, 

small changes in the conditions between the fabrication of the devices results in the primary 

resonance peak position changing by up to 6.2 nm. For this reason, the discussion here is 

focused on analysing the relative changes ‘before SAM’ and ‘after SAM’ for the three 

plasmonic devices, rather than comparing the absolute values for the optical barcodes 

between the different SAMs.  

Figure 6.14 presents a summary of the position and intensities for the isosbestic 

points prior to SAM deposition (darker bars) and after 24 hours immersed in the SAM 

(lighter bars). In all but one case we note that the shift in position of the isosbestic point is 
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far greater than the differences in the absolute values for the isosbestic points between the 

three different devices. 

  

Figure 6.14 a) A comparison of the ‘before SAM’ (vertical black lines) and ‘after SAM’ 

(vertical grey lines) and b) a summary of the change in position and transmission of 

isosbestic points for MHDA, HDT, and ODT. 

 

Figure 6.14a shows that there are four isosbestic points present in these spectra. Analysis 

of the data collected from the each of the three devices used to detect the presence of 

MHDA, HDT, and ODT reveals that relative to the initial spectra the isosbestic points 

undergo clear changes. Further, the relative change in both their position and intensity 

appears to be quite different for each of the three SAMs. Even taking into account the fact 

that small differences between the initial output of the devices could have an impact on the 

behaviour of the isosbestic points, the magnitude of the changes observed in these 

experiments indicate a clear distinction between the three different SAMs measured. For 

comparison the change in position of the main resonant peak positions measured in section 

6.2.4 were Δλ (TM/TE) = (17.0/19.4), (7.6/8.5), and (11.3/13.0) nm for MHDA, HDT, and 

ODT respectively.  Hence, whilst the shift in resonant peak position enables a quantitative 
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interpretation of parameters such as the SAM coverage, the tracking of isosbestic points for 

molecular detection is extremely promising in terms of sensitivity and discrimination. In 

particular, with reliable and reproducible device fabrication measurement of the isosbestic 

points could enable specific molecules to be distinguished as they attach to the surface, 

without requiring any specific surface functionalisation. 

 

6.2.6 Monitoring the progress of SAM formation  

As a final stretch goal to detecting the presence and relative coverage of SAMs 

using plasmonic colour filters, experiments were performed that attempted to detect the 

very earliest stages of SAM formation during the first 60 mins that the devices were 

immersed in the ethanolic solution. The aim was to both try to determine whether it was 

possible to detect very low concentrations of SAM on the surface of the device, but also to 

attempt to characterise the SAM dynamics by monitoring the optical output of the devices. 

Experiments were carried out on HDT and MHDA as these two SAMs were revealed to 

have the largest differences in terms of their transmission spectra (section 6.2.4) due to their 

differing RIs. 

To study the initial stages of SAM adhesion, the plasmonic devices were immersed 

in 1 𝑚𝑀 ethanolic solution of MHDA and 1 𝑚𝑀 HDT. At certain time points (10, 30, and 

60 min) the samples were removed from the solution, washed in ethanol followed by 

deionised water and dried using N2 gas prior to their transmission spectra being recorded. 

Once the optical data had been collected the samples were returned to the SAM solution 

and the measurement time restarted. Based on the published literature, the first 60 mins of 

adhesion for these SAMs is known to encompass a critical phase in their nucleation [21]. 

Figure 6.15 presents the spectral data collected for each of the two SAMs during these 
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measurements.  A summary of the corresponding theoretically predicted and experimental 

results for the SPR response, as well as the experimental data for the SAM thickness and 

coverage is provided in Table 6.4. 

 

Figure 6.15 Transmission spectra recorded in air before, and after 10, 30, and 60 mins 

immersion in a) HDT and b) MHDA ethanoic solutions. 
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SAM 

 

RI* 

 

𝑡𝑆𝐴𝑀
𝑡ℎ  (nm) 

Time in SAM (min) Time in SAM (min) 

10 30 60 10 30 60 

𝑡𝑆𝐴𝑀
𝑒𝑥𝑝  (nm) CSAM (%) 

HDT 1.462 2.0 0.31 0.56 1.0 15.5 28.0 50.0 

MHDA 1.765 1.9 0.34 0.38 0.7 17.9 20.0 36.8 

* assuming CSAM = 100% 

Table 6.4 Theoretical and experimental comparison of SPR response (Eq. 6.6), SAM 

thickness (Eq. 6.7), and coverage (Eq. 6.8) for TE and TM polarisation. Note that the 

theoretical SAM thickness, 𝒕𝑺𝑨𝑴
𝒕𝒉 , is given by the chain length (see Table 6.2). 

 

A qualitative assessment of the transmission spectra in Fig. 6.15 indicates that the initial 

formation behaviour of the two SAMs appears to be different during the first 60 mins. For 

example, based on this data, the HDT appears to show an immediate shift in the plasmon 

resonance peaks from the moment the devices are submerged in the SAM. By contrast, 

MHDA exhibits a large change after just 10 mins, but then shows very little variation in the 

optical output up to the 60 min mark. A potential explanation for this is that in spite of the 

fact that the two SAMs have the same head group and carbon chain length, their nucleation 

mechanisms may be different due to a different functional group (CH3 vs COOH) being 

present [21]. Whilst the shift in plasmon resonance peak position indicates a consistent red-

shift in line with expectations from spectra which were collected after 24 hrs immersion in 

the SAM solution, the magnitude of these changes (some of which are on the order of 0.5 

– 1.0 nm) are close to the limit of detection. Hence, we next analysed the spectra in terms 

of their isosbestic points (e.g. similar to section 6.2.4) with the spectral analysis presented 

in Figure 6.16. (the dotted lines indicate the positions of the isosbestic points). 



                                       Chemical and Molecular Sensing      Chapter 6 

198 

 

 

Figure 6.16 Analysis of isosbestic points identified for a) HDT and b) MHDA at 10, 30, 

and 60 mins.  

 

The wavelength position and intensity of the isosbestic points corresponding to Figure 6.16 

is summerised in Figure 6.17. Based on this analysis, it appears that even in cases where 

the shift in the main plasmon resonance peak between time points is < 1 nm, the resulting 

change in the isosbestic points, which make use of a larger spectral range, show a clear and 

distinct change. This preliminary data points to the fact that isosbestic points may be a 

useful means of tracking the progression of SAM formation and, more generally, molecular 

kinetics at the surface of plasmonic sensors provided a suitable control is established. It is 

important to note, however, that there are two key issues that remain to be solved before 

reliable spectral changes, at the level observed here, can be used to extract information 

regarding the molecular dynamics. 
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1) In order to be able to quantitatively compare the results between different SAMs, 

the repeatability, in terms of fabrication, of different devices needs to improve to 

the point that the resulting spectra are indistinguishable to the limit of resolution of 

the measurement. 

2) The spectral measurements need to be made without moving or handling the 

sample. This is to avoid any potential issues with contamination or variability in 

output across the devices. 

The first point can be addressed via a modification to the fabrication protocols utilising 

recent advances in lithography, this is discussed in a recent conference publication[22]. The 

second point could be addressed through a modification of the current microfluidics 

platform, where all of the washing and drying steps could be performed with the sample 

remaining in-situ without interfering with the spectral measurements. 

 

Figure 6.17 Comparison of the isosbestic barcodes for the HDT and MHDA SAMs 

corresponding to spectra collected after 10, 30, and 60 mins. 
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6.3 Conclusion 

Passive optical detection of variations in the dielectric properties of the local environment 

was demonstrated by using asymmetric periodic subwavelength metallic apertures 

fabricated in thin silver films. In terms of chemical sensing, by employing a microfluidic 

system, direct monitoring of the analyte RI was demonstrated using three different methods. 

The first method relied on using a spectrometer to monitor the resonant peak position in the 

transmission spectra, where the resulting resonance could be correlated to changes in the 

dielectric properties of the surrounding medium. It was found that whilst for some analytes 

(e.g. using TE polarization) this approach led to satisfactory results, for others this approach 

could lead to difficulties in interpretation because of the overlap and merging of different 

resonant modes. A second method used for direct detection of the analyte RI was to simply 

look at the colour change ‘by eye’ or under an optical microscope. It was found that a 

distinct colour change occurs for RI > 0.05 at the TE polarization. However, this approach 

also suffers from the same limitations in terms of ambiguity when resonance modes merge 

as discussed above. To overcome these limitations, a third approach was proposed and 

demonstrated, which takes into account the full spectrum. This method relies on analysis 

of the isosbestic points, which can be determined by using aperiodic arrays of apertures and 

by varying the incident polarisation vector. Based on the position and the intensity of these 

isosbestic points a ‘barcode-like’ signature can be established for each analyte.  

In the second part of this chapter, polarization controlled dual pitch cross-shaped 

apertures were employed to monitor the formation of thiol SAMs.  It was demonstrated that 

the position of the resonant peaks can be used not only to distinguish different types of 

SAMs, but also for a direct quantification of the SAM coverage. It was observed that the 

long-chained SAMs tended to form denser films, in line with the published literature[23]. 
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Whilst this method gave satisfactory results following complete formation of the SAM, it 

was sometimes difficult to use it for the very earliest stages (i.e. < 60 mins) of SAM 

adhesion. To overcome this, the use of optical barcoding was once again explored in the 

context of molecular sensing. Whilst the results appear promising, future work will address 

issues around the consistency of device fabrication (enabling comparison of dynamics 

between different SAMs) and also around reliable measurement of very fine changes in the 

optical spectra. 
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CHAPTER 7 

SUMMARY OF THESIS AND SUGGESTIONS FOR FUTURE WORK  

 

7 INTRODUCTION 

The key advantages of next generation metallic, nano-engineered metamaterials, over 

conventional optical components are based on their unique optoelectronic properties arising 

from induced plasmonic excitations [1-4]. These properties are due to the momentum 

coupling that occurs between incident photons and the mobile electrons at the interface 

between the nanopatterned metallic film and a dielectric medium [5]. Advances in 

nanofabrication techniques make it possible to tailor the optical response of plasmonic 

devices and enables their miniaturisation for a broad range of imaging and sensing 

applications [6-8]. 

 

7.1  Thesis Goals 

The work presented in this thesis has investigated the interaction between light and metallic 

nanofabricated metamaterials. In particular, this study used cross-shaped nano apertures 

fabricated in silver thin films to create bimodal plasmonic colour filters which could be 

used for chemical and molecular sensing. The overarching goal of this thesis can be 

summarised as: 

• The design and development of two-dimensional sub-wavelength periodic arrays of 

cross-shaped apertures in order to create plasmonic colour filters [9, 10].  

• The investigation of diamond-like carbon as a novel protection layer to oxidation 

and degradation of the plasmonic devices [11].  

• The application of bimodal plasmonic colour filters for direct optical imaging of ion 

implantation in thin films. 
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• The development of a novel optical chemical barcoding system to enable label-free 

RI sensing based on the optical output of bimodal plasmonic colour filters [12, 13].  

• The study of SAM formation via analysis of the output of bimodal plasmonic arrays. 

 

7.2  Outcomes of this work 

- Plasmonic colour filters 

In chapter 3, the influence of device geometry on the optical output of plasmonic colour 

filters was investigated. To better understand the influence on the optical response of the 

four key length scales (arm length, pitch, width and thickness) for these devices, different 

arrays of cross-shaped apertures were fabricated in thin silver films. First of all, it was 

observed that all structures exhibited two sets of plasmonic modes (one characteristic to the 

metal-substrate interface, and another to the metal-air interface) in their transmitted spectra. 

The influence of the substrate modes was noticeable in the output colour for the devices. It 

was observed that it is possible to tailor the impact of these modes primarily by changing 

the thickness of the metallic film. Furthermore, the pitch size was shown to have the greatest 

effect on the plasmon resonance modes; for example, increasing the pitch size resulted in a 

red-shift of the modes and a corresponding movement of the main plasmon resonance peak 

towards longer wavelengths. By changing the width of the aperture arms, the overall 

transmission intensity was varied, whilst the actual position of the resonant modes was 

mostly unchanged. Interestingly, by exploiting asymmetry in the aperture arrays and 

aperture arms, it was possible to produce polarization sensitive devices with a significantly 

expanded colour palette range. A continuous colour palette was achieved by fine tuning the 

periodicity of the arrays and the polarization of the incident light, whilst keeping the 

geometry of individual cross-shaped apertures constant.  In addition, it was demonstrated 

that the same characteristics in terms of colour and polarisation sensitivity was maintained 
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even for very small array sizes (e.g. 4 × 4 or even 2 × 2 sets of apertures). To better 

understand the physics underlying these observations, the dispersion relations and FEM 

simulations were employed. It was demonstrated that the dispersion relations were able to 

predict the position of individual plasmonic modes, whilst FEM simulations could be used 

to recreate the overall shape of the transmission spectra. 

- DLC passivation 

In chapter 4 a novel solution for increasing the stability of the silver-based plasmonic 

devices was investigated. Deposition of an electron-beam induced Diamond-Like Carbon 

(DLC) film was demonstrated to be a convenient way to protect these devices from the 

effects of degradation and oxidative ageing. It was shown that a nanometre-thin conformal 

DLC layer was sufficient to protect silver-based plasmonic devices with negligible impact 

on the device performance. The oxidative aging effect was investigated under a range of 

different environmental conditions, including ambient conditions in air, under liquids, and 

also under highly corrosive conditions. It was demonstrated that the effectiveness of DLC 

to protect these devices depend on the DLC deposition conditions, with thicker films giving 

better protective performance.  

- Direct optical imaging of ion implantation in thin films 

In chapter 5, the application of the plasmonic nanopixel arrays to the direct optical detection 

of ion implantation was investigated. The aim was to probe local changes in the dielectric 

properties of a thin film of TiO2 deposited on top of a bimodal plasmonic colour filter and 

doped with Ga+ ions. The observed colour and intensity contrast was related to the relative 

change of the refractive index of the implanted areas and plotted as a function of the ion 

implantation dose. Furthermore, it was demonstrated that the colour contrast could be 

varied by changing the polarization of the incident light. This was achieved by exploiting 

the asymmetric periodicity of the nanopixel array; the colour contrast having a direct 
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relationship to the pitch size. A higher contrast was observed for periodic arrays with 

effectively bigger pitch size. Monte-Carlo simulations and the Maxwell Garnett mixing 

formula were used to understand the effect of the ion implantation on the overall dielectric 

properties of the dopped TiO2 films. The conclusion of this study was that Ga ions mainly 

reside as interstitials within the TiO2 matrix after implantation. Therefore, ion implantation 

has only a small impact on the real part of the dielectric permittivity, and a higher impact 

on the imaginary part, experimentally demonstrated by a significantly higher optical 

absorption. 

- Chemical and molecular sensing 

In chapter 6, the use of silver-based plasmonic devices in context of chemical and molecular 

sensing was investigated.  It was experimentally demonstrated that such devices are capable 

of detecting minute changes of RI of analytes. This was demonstrated by monitoring the 

plasmon resonance transmission spectra and the optical brightfield output, making the 

detection of RI by eye possible. By exploiting polarization sensitive arrays, a wider 

dynamic range was possible. Furthermore, a new approach to analysing and classifying 

spectral data from bimodal plasmonic arrays was demonstrated based on analysis of the 

spectral isosbestic points. The combination of three main characteristics of these points was 

used to generate a unique ‘fingerprint’ for different chemicals providing a greater degree 

of differentiation. Based on our qualitative assessment, the changes in both the position and 

intensity of the isosbestic points offers a novel method for analysing variation in the local 

RI of a wide range of different analytes.  

The ability of the dual-pitched arrays to monitor SAM formation, was also 

investigated. A significant problem for SAM detection on silver plasmonic devices is the 

degradation of the surface due to immersion in ethanol; we were able to address this 

problem by adding a thin capping layer of Au. By measuring the SPR wavelength shift and 
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by employing the dispersion relation, it was possible to numerically determine the coverage 

and the thickness of the SAM.  Because of their very small thickness (just a few 

nanometres), the sensitivity factor of plasmonic devices plays a crucial role in the 

investigation of the RI variations during SAM formation. To overcome this limitation, the 

optical barcoding method using the isosbestic points was employed and it was shown that 

this provided a clear differentiation between different SAM layers. The final stretch goal 

of this work was to attempt to characterise the dynamics of SAM formation and to also 

determine the ability of the plasmonic device to detect very low concentrations of SAM on 

the device surface. Although initial results were found to be promising, further data must 

be collected to verify these findings and will form part of future work.  

 

7.3  Key contributions to knowledge originating from these studies 

• Demonstrated the fabrication of bimodal, cross-shaped nano-aperture arrays and 

their sensitivity to a polarized light, which resulted in fine colour tuning in the 

optical range. Also, the interpretation of the key features in the optical 

transmission was performed by employing fundamental theoretical models (see 

chapter 3 [9, 10]). 

• Optimised the stability of the silver based plasmonic colour filters with respect 

to oxidative aging and degradation by employing electron-beam induced DLC 

thin films (see chapter 4 [11]).  

• Demonstrated the ability of the bimodal plasmonic colour filters for direct 

optical detection of ion implantation (see chapter 4). 

• Demonstrated the ability of the bimodal plasmonic device to passively detect 

small variations in the local RI by incorporating the devices into a microfluidic 

system (see chapter 6.1 [12, 13] ).  
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• Investigated the detection of small variations in SAM thickness and coverage of 

different SAMs using bimodal plasmonic device and the resulting isosbestic 

points determined from the plasmon resonance transmission spectra (see chapter 

6.2). 

 

7.4  Future work 

Fabricating and optimising plasmonic nanoscale colour filters for biological sensing and 

molecular imaging requires additional development. Possible further work building on the 

outcomes of the current study can be classified in two sections: First, additional types of 

capping layers need to be explored, both to improve the overall performance but also to 

potentially functionalise the surface of the devices for greater specificity. Second, the 

incorporation of plasmonic devices into microfluidics for SAM detection should result in 

higher quality data and consequently even greater sensitivity. 

  

Optimization of surface protection of plasmonic devices 

Whilst thin layers of gold proved to be effective at protecting the silver plasmonic devices 

from the effective of oxidative aging, further improvements in the performance of the 

capping layer is still possible. For example, improved optical transmission and low 

electronic damping of the evanescent field generated by the plasmons within the silver 

nanofabricated layer may be possible by exploring different materials [14-16]. Further, in 

the context of molecular sensing, functionalisation of the surface layer should lead to a 

greater degree of specificity. For example, silane-based SAMs require oxide-based surfaces 

(such as silicon oxide, titanium oxide, etc.) to promote adhesion [17], whereas thiol-based 

SAMs work best with gold surfaces [18-20]. To promote adhesion, functionally tailored 
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surfaces, where specific layers are chosen based on their SAM-surface reaction properties 

need to be trialled. Future work will be focused on addressing these issues. 

 

Enclosed microfluidic systems for real time molecular detection 

Although microfluidic systems have shown promising results for chemical sensing[13], the 

reaction between the ethanol and PDMS (normally used for microfluidic fabrication) during 

SAM formation is still of a major concern. This is because this reaction leads to detachment 

of the PDMS from the substrate, substantially reducing the concentration of ethanolic 

solution during the measurement, and impacting the integrity of the microfluidic device. 

New approaches to microfluidic device fabrication are required to address this problem. 

This might involve designing systems that, for example, ameliorate the effects of chemical 

interaction between the PDMS and the substrate. Other transparent materials might also be 

considered that are less permeable to solvent solutions and still able to provide a superior 

adhesion to the substrate material.  Furthermore, to avoid any errors during the plasmonic 

array fabrication for multiple analyte/SAM detection, high-quality, large area fabrication 

needs to be optimised further. In addition, dedicated microfluidic channels could be placed 

on the same substrate as the plasmonic sensor enabling accurate measurement of a control 

and analyte/SAM using the same sensor. Additionally, such enclosed systems would 

benefit from the fact that they provide a contamination-free environment that could be 

effectively cleaned by flushing the lines with e.g. ethanol, between measurements. A 

schematic showing the concept for such a setup is shown in Figure 7.1.  
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Figure 7.1 Schematic of a microfluidic device incorporating a plasmonic sensor with 8 

inlets/outlets. The solutions and N2 gas are introduced through the channel inlets. The inlets 

and outlets could be sealed during the measurement to prevent evaporation of the solution. 

 

It would be straightforward that such systems could be used with either syringes or a 

peristaltic pump setup with automatic control of the input and output provided by using 

pneumatic or mechanic valves.  

 

7.5  Summary 

This thesis has explored the application of a range of plasmonic devices based on cross-

shaped apertures in thin silver films. Plasmonic colour filters have been shown to provide 

high-accuracy and high dynamic range when asymmetries are introduced into the devices 

and the incident polarisation is exploited. When the output from bimodal plasmonic devices 

is analysed, features such as the isosbestic points can be exploited to provide even greater 

differentiation in terms of the sample refractive index. Achieving full colour transmission 

with polarisation control, even for nano-sized arrays, opens up a wide range of applications 

from local colour filtering to nanoscale sensing of localized changes in the sample 

refractive index. 



 Summary of Thesis and Suggestions for Future Work Chapter 7 

212 
 

7.6  References 

1. Kauranen, M. and A.V. Zayats, Nonlinear plasmonics. Nature photonics, 2012. 

6(11): p. 737. 

2. Luk'yanchuk, B., et al., The Fano resonance in plasmonic nanostructures and 

metamaterials. Nature materials, 2010. 9(9): p. 707-715. 

3. Naik, G.V., V.M. Shalaev, and A. Boltasseva, Alternative plasmonic materials: 

beyond gold and silver. Advanced Materials, 2013. 25(24): p. 3264-3294. 

4. Hess, O., et al., Active nanoplasmonic metamaterials. Nature materials, 2012. 

11(7): p. 573-584. 

5. Sreekanth, K.V., et al., New Directions in Thin Film Nanophotonics. Vol. 1. 2019: 

Springer. 

6. Zeng, S., et al., Nanomaterials enhanced surface plasmon resonance for biological 

and chemical sensing applications. Chemical Society Reviews, 2014. 43(10): p. 

3426-3452. 

7. Stewart, M.E., et al., Nanostructured plasmonic sensors. Chemical reviews, 2008. 

108(2): p. 494-521. 

8. Jakšić, Z., et al., A consideration of the use of metamaterials for sensing 

applications: Field fluctuations and ultimate performance. Journal of Optics A: 

Pure and Applied Optics, 2007. 9(9): p. S377. 

9. Balaur, E., et al. Optimisation of polarization controlled colour tuning using 

nanoscale cross-shaped apertures in silver films. in SPIE BioPhotonics Australasia. 

2016. International Society for Optics and Photonics. 

10. Balaur, E., et al., Continuously tunable, polarization controlled, colour palette 

produced from nanoscale plasmonic pixels. Scientific reports, 2016. 6: p. 28062. 



 Summary of Thesis and Suggestions for Future Work Chapter 7 

213 
 

11. Balaur, E., et al. Electron-beam induced diamond-like-carbon passivation of 

plasmonic devices. in Micro+ Nano Materials, Devices, and Systems. 2015. 

International Society for Optics and Photonics. 

12. Langley, D., et al. Dual pitch plasmonic devices for polarization enhanced colour 

based sensing. in SPIE BioPhotonics Australasia. 2016. International Society for 

Optics and Photonics. 

13. Langley, D.P., et al., Optical chemical barcoding based on polarization controlled 

plasmonic nanopixels. Advanced Functional Materials, 2018. 28(4): p. 1704842. 

14. Im, H., et al., Atomic layer deposition of dielectric overlayers for enhancing the 

optical properties and chemical stability of plasmonic nanoholes. Acs Nano, 2010. 

4(2): p. 947-954. 

15. Rycenga, M., et al., Controlling the synthesis and assembly of silver nanostructures 

for plasmonic applications. Chemical reviews, 2011. 111(6): p. 3669-3712. 

16. Larson, S., et al., Dipole radiation-induced extraordinary optical transmission for 

silver nanorod-covered silver nanohole arrays. The Journal of Physical Chemistry 

C, 2019. 123(9): p. 5634-5641. 

17. Bogan, J., et al., Nucleation and adhesion of ultra-thin copper films on amino-

terminated self-assembled monolayers. Applied Surface Science, 2018. 462: p. 38-

47. 

18. Liu, A., et al., Gold nanostructures with near-infrared plasmonic resonance: 

Synthesis and surface functionalization. Coordination Chemistry Reviews, 2017. 

336: p. 28-42. 

19. Chandekar, A., S.K. Sengupta, and J.E. Whitten, Thermal stability of thiol and 

silane monolayers: A comparative study. Applied Surface Science, 2010. 256(9): p. 

2742-2749. 



 Summary of Thesis and Suggestions for Future Work Chapter 7 

214 
 

20. Rittikulsittichai, S., et al., Bidentate aromatic thiols on gold: new insight regarding 

the influence of branching on the structure, packing, wetting, and stability of self-

assembled monolayers on gold surfaces. Langmuir, 2017. 33(18): p. 4396-4406. 

 

 

 




