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Abstract 

Surface enhanced Raman scattering/spectroscopy (SERS) is a trace sensing 

technique that uses the large local electric fields around nanostructures 

created by hybrid collective surface electron oscillation-light excitations 

(plasmon-polaritons) to enhance the inelastically scattered light (Raman 

scattering) from a material of choice. However, SERS studies suffer from an 

inherent trade-off between sensitivity and signal uniformity, which may be 

serving as a bottleneck to analytical applications. 

Plasmon-polariton mixing has become a popular avenue to increase local 

electric fields in recent times and when this involves a spectrally broad 

resonance and another narrower resonance, very sharp asymmetric peak 

shapes can result, known as Fano resonances. This may be of interest in SERS: 

more energy confined to the region near the nanostructures and proximal 

analyte molecules, provides a larger SERS enhancement. While the literature 

offers a plethora of numerical and far-field experimental evidences in simple 

nanostructures, there appears to be an evasion of an experimental SERS 

investigation with a ‘real world’ sensing substrate. 

In this thesis, we examine gold-metallised, polyurethane nanodome arrays, 

which are inexpensive and may be easily mass-produced, for evidences of 

Fano resonance benefit to experimental SERS (in a multi-wavelength laser 

study). This is complemented by experimental far-field and numerical data. It 

is concluded that localised surface plasmon (LSP) and propagating surface 

plasmon (SPP) mixing is involved in an unexpectedly high SERS enhancement 

in samples with relatively low nanostructure packing density and that the 

positions of the respective ‘isolated’ and ‘system’ resonances, along with 



x 

coupling degree and relative linewidth, may be projected via a classical 

analogue of coupled oscillators. 

In a subsequent study, ‘kissing’, gold-covered silicon nanopillars are analysed 

where ‘surface interference’ and ‘substrate-solution hydrophobic effects’ are 

provided as explanations for the magnitudes and patterns of SERS 

enhancements observed via numerical studies. This is alongside a more 

conventional numerical investigation into dimer systems with nanometric-

sized gaps. Intuitively, very small inter-dimer separations (< 2 nm) or even a 

degree of coalescence are favoured. 

Finally, a focus on application is presented, specifically, detecting explosive 

precursors as part of a large European consortium: ‘Bomb Factory Detection 

by Networks of Advanced Sensors.’ In a novel chemical derivatisation 

approach, nitric acid is detected via SERS down to 100 ppb with ppt range 

projected. 
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1.1. Thesis outline 

This thesis begins with an introduction to the science of surface enhanced 

Raman scattering/spectroscopy (SERS), with some references to historical 

developments. It may be unfortunate that much of contemporary education in 

science is largely ahistorical [1], this is probably true if judged to be the case in 

SERS, which has had a rich and meandering journey in terms of the work done 

in vibrational spectroscopy and (what is now known as) plasmonics, long before 

Fleischmann’s 1973/74 discovery [2,3]. Since then, SERS has become a 

sprawling field of its own.  

 

Chapters 3 and 4 explore arrays of nanodome and nanopillar structures, 

respectively, for use in SERS through suitable experiment and numerical 

analysis. The former follows from some localised plasmon resonance sensing 

work (LSPR) by McPhillips (2011) on a similar dome architecture and is 

proposed to make use of interacting localised and propagating plasmons (Figure 

1-6 below) to form a sharp resonant feature (Fano resonance) [4]. The 

nanopillar study is based on a seminal work by Schmidt (2012) [5] and entails 

vertically aligned silicon-based structures, which bend towards each other 

under tensile fluidic forces when the analyte1 solution is applied. Both 

platforms have the potential to mitigate the ‘SERS Uncertainty Principle’, a 

well-known, seemingly inherent trade-off between reproducibility (or 

uniformity of signal) in SERS substrates and sensitivity (see Figure 1-7). 

Chapter 2 deals with the general aspects of the experiments. 

 

Chapter 5 introduces a recent EU-funded project, Bomb Factory Detection by 

Networks of Advanced Sensors (BONAS) and the development of a SERS 

                                                           
1 A substance to be analysed. 
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sensor for the identification of explosive precursors. A significant part of this 

investigation centres around a long-standing research problem when using 

liquid samples in SERS, which is difficult when the analyte molecules (solute) 

and solvent molecules co-evaporate. 

 

Finally, Chapter 6 offers a conclusion, including some thoughts on the 

meaningful comparison of different substrates in SERS and a general outlook 

for the field. Figure 1-1 summarises the work in this thesis. Additional 

information from the various chapters included in Appendices A – D. 

 

In the background discussion, the theories of Raman scattering, plasmonics 

and SERS mechanisms, along with some notes of historical interest, are 

outlined.  Such descriptions are far from exhaustive, and hence more 

Figure 1-1. Outline of the thesis. 
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comprehensive bodies of work are referred. Other, less central, portions of 

theory are to be found summarised in individual chapters. 

 

1.2. Optics and light-matter interactions 

Scattering is a very general term in physics describing any interaction that 

disturbs the path of the incident radiation. It can be contrasted with absorptive 

effects, such as infra-red (IR) absorption or fluorescence, which involve the 

absorption and re-emission of the incident light, the latter by multiple 

transitions through energy levels. Unlike scattering events, these effects are 

not considered instantaneous. One can describe the interaction of radiation 

incident on a sample as having: 

 

Transmission + Reflection + Absorption + (other) Scattering = 1      (1.1) 

 

Exact definitions depend on collection objectives, with ‘other scattering 

events’ defined as any interacting photons that are not dissipated in the 

material and not collected by the optics.2,3 A key equation is that for the 

numerical aperture (NA) of the collecting optics, which describes the 

acceptance angle of the objective lens (or otherwise) and the resolving power: 

 

Numerical Aperture (NA) = n sinθ                                      (1.2) 

 

                                                           
2 Often extinction is plotted which is equivalent to –ln(Transmission). 
 
3 Scattering is sometimes used to refer to dark field optical reflection measurements (i.e. with a 
central aperture used in collection). Here, only photons scattered at certain angles are detected. 
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where n is the refractive index of the ambient medium and θ the maximal 

acceptance (half) angle of the light cone as portrayed in Figure 1-2. The region 

in which these detections occur is often termed the far-field (or radiation 

zone), being far from the actual scattering event region (called the near-field) 

where the local electromagnetic field profile is very different.4 

 

Related to the NA is the resolution, R, of the microscope (minimum distance 

between resolvable points) given by: 

                                                           
4 The near-field region is often thought of as the region within one wavelength’s distance of the 
scattering event/electromagnetic source. The boundary between near-field and far-field is however, 
vaguely defined [56]. 

Figure 1-2. The interaction of light with sample and system optics. 
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R = 0.61λ/NA                                               (1.3) 

 

where λ is the wavelength of the light and when the NA is the same in both 

the incident and collection phases. This highlights a fundamental limitation of 

light: it cannot be focused to an area smaller than half its wavelength (a few 

100 nms). 

 

1.3. Raman scattering 

The Raman effect involves the inelastic scattering of light from molecular or 

lattice vibrations and was predicted by Smekal (1923) [6] before C. V. Raman 

announced his new form of ‘secondary radiation’ in 1928 having wondered at 

the blue of the Mediterranean Sea [7].5  Nowadays, Raman spectroscopists use 

intricately designed band-pass and edge filters, lasers, and CCD cameras (see 

Chapter 2), but the original experiment was performed with crude coloured 

filters, sunlight, and the human eye. 

 

Classically, the Raman effect may be represented in a Jabłoński diagram, a 

schematic representation of the various energy levels in a molecule, as in 

Figure 1-3, where there is a small transfer of energy to (or from) the molecule. 

In a quantum mechanical (QM) picture, the photon may be viewed as virtually 

absorbed, meaning the process may be viewed without energy conservation 

                                                           
5 Long (2002) points out that this is analgous to Rayleigh who described light scattering without a 
change in frequency (Rayleigh scattering) in 1871 having first wondered why the sky was blue [9]. A 
similar story exists for John Tyndall and Tyndall scattering, which is like Rayleigh scattering but for 
larger (colloidal) particles [92]. 
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and as occurring via a so-called virtual state, a ‘mathematical construct of 

perturbation theory’ [8] permitted by the Uncertainty Principle that does not 

correspond to an allowed energy state of the system.6,7 Often, a classical (or 

electrodynamic) theory of Raman is presented. An intuitive picture of what is 

really going on in the Raman process is hence not explained without difficulty. 

The incoming electric field polarises the molecule while the nuclei impose a 

harmonic variation on this polarisability. The Raman energies of the vibration 

are then decided by the interaction between the different frequencies 

supported by the different polarisabilities and the perturbative nuclei and 

                                                           
6 Long (2002) elegantly addresses the lack of a clear physical picture, ‘The purist might prefer the 

somewhat theological statement that the several processes occur indivisibly in time.’ [9]  

7 A continuum of virtual states is meant, but these are normally represented schematically as just 
one level, as in Figure 1-3 [8]. 

 

Figure 1-3. A summary of Raman scattering in (a) a classical model 

and (b) a quantum mechanical representation, where each band (v) 

represents a different vibrational band and S, the electronic (singlet) 

states). 
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may, therefore, as Long (2002) proposes,  be thought of as an analogue to the 

musical idea of beats [9]. In a sentence, Raman scattering may be seen as a 

’modulation’ of the polarisability via internal vibrations [8]. Hence, a Raman 

polarisability tensor, αR, which relates the incident electromagnetic field (EL) 

and associated frequency (ωL) to the Raman-radiated dipole field and 

frequency (pR, ωR) can be defined via the relation: 

 

𝑝𝑅  (𝜔𝑅)  =  𝛼𝑅 (𝜔𝐿, 𝜔𝑣) 𝐸 (𝜔𝐿)                                 (1.4)8 

 

where ωv represents the oscillating frequency of the participating vibration.9 

Raman scattering has an intensity that is inversely proportional to the fourth 

power of the exciting wavelength (∝ 1/λ4). 

 

Raman spectra are typically presented with an x-axis denoting Raman shift, 

the energy displacement from the incident laser energy, with units of inverse 

centimetres, cm-1 (also termed wavenumber [as a unit], ν or σ 10,11). Convention 

dictates that a down-conversion in energy (i.e. Stokes Raman-scattered) 

belongs to the negative side of the axis but seeing that no anti-Stokes  

  

                                                           
8 pR (t) = Re(pR (ωR) exp(-iωRt)) 
   E (t) = Re(E (ωL) exp(-iωLt)) 
The Raman polarizability tensor, α, (a second rank tensor) is not similarly complex (having no time-
dependency), being a proportionality factor to relate the two ‘real’ physical quantities, pR, and E [8]. 
 
9 More precisely, αR provides the relative tendancy of the electronic charge distribution to displace 
in the presence of an external electric field. 
 
10 Formerly, referred to as Kayser, K. 
 
11 This is not the same as the angular wavenumber (often just ‘wavenumber’ also), which is 2π/λ and 
is used elsewhere. 
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measurements are made in our studies this convention is not followed: all 

Raman shifts presented herein are of the Stokes variety and positive.12 

 

As a non-destructive technique, Raman spectroscopy remained popular until 

the aftermath of World War Two when technological development in Infra-

Red (IR) absorption spectroscopy detectors left Raman less utilised [10]. 

Following Einstein’s idea of stimulated emission (1917) and Townes’ 

microwave harbinger (1953), Ted Maiman’s laser arrived in 1960 and his 

‘death-rays’ gave new life to Raman as an analytical technique, offering 

monochromaticity and high-intensity light, which then worked well with 

improvements in Raman detection elements [10,11].13 

 

The historical dichotomy of Raman and IR development should not be taken 

as a sign of mechanistic similarity. Each vibrational spectroscopy works 

differently, having different selection rules: a polarisability change for Raman, 

and change in dipole moment for IR, are required [8,10]. They are hence 

complementary.14,15 In this work, further discussion on Raman selection rules 

are ignored. The analyte molecules chosen for these studies are explicitly 

chosen to be good Raman scatterers and are the vehicles to characterise the  

  

                                                           
12 Stokes and anti-Stokes terms are adopted from fluorescence studies despite mechnanistic 
differences (see Figure 1-3). 
 
13 It seems like IR became a technological norm [10]. While IR was much slower, fluorescence was a 
problem in Raman. Raman samples, mainly liquids, had to be distilled multiple times typically and 
this often rendered the actual Raman measurement useless [93]. 
 
14 The contrast is useful to note, and in the context of this thesis where the approach is exclusively 
Raman, is for notice only. 
 
15 Surface enhanced infra-red absorption (SEIRA) is also possible, which has phonon-mediated 
enhancement. 
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near-field. A large number of molecules interrogated mean ‘orientation 

effects’ can be ignored (evening out during measurements).  

 

‘Ordinary Raman’16 has remained popular and is becoming more so (Chapter 

6).17 It provides benefits of accurate identification with relatively narrow 

spectroscopic bands and easy in situ measurements, even aqueous samples 

because water has a very low Raman scattering cross-section18 [10]. Liquid 

samples may be a problem in trace detection (SERS) as is illuminated in 

Chapter 5. 

 

Raman studies tend to be performed across the visible range, with excitation 

wavelengths at 532 nm, 633 nm and 785 nm popular. Curiously, Raman 

studies into the near-infra-red (NIR) (780 nm –) have remained comparatively 

rare.19,20 Reasons for this may include the relatively weak spectral range 

                                                           
16 i.e. without any surface or resonance enhanced aspect (or ‘multi-photon effects’). Sometimes, and 
somewhat humourously, this is now referred to as common, old, ordinary Raman scattering or 
COORS. The multi-photon techniques include hyper Raman scattering, coherent anti-Stokes Raman 
scattering (CARS) and coherent Stokes Raman scattering (CSRS, pronounced ‘scissors’). 
 
17 This includes an increase in confocal Raman and SERS studies (i.e. using a microscope with a two-
pinhole arrangement), which are useful to analyse the chemical composition of the internal 
composition (or depth). Similarly, spatially offset Raman scattering (SORS) and temporally offset 
Raman scattering (TORS) can provide internal chemical analyses, in this case by altering the detector 
position of Raman-scattered photons or selecting certain Raman photons after a time period [94].  
 
THz Raman studies (small Raman shift) have also appeared (allowing the acquisition of structural 
information) (Ondax Inc.) as well as ‘time-resolved Raman’ for full fluorescence rejection (Timegate 
Instruments Oy.). 
 
18 A parameter that relates the incident power density on a molecule to that (re-)radiated. 
 
19 This does not include Fourier Transform (FT) Raman, which is performed at 1064 nm excitation 
using an interferometry approach. 
 
20 This may be surprising because the because the accessibility of SERS to the NIR is a selling point 
over the rival technique of (surface enhanced) fluorescence microscopy, which works only in the 
visible range. This is important in a biological context where a lot of optical absorption may occur 
[8]. 
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(smaller arrays) and higher costs for InGaAs detectors and the undesirable 

need for higher power lasers, which may damage the sample [12]. 

Additionally, and despite the ready availability of different excitation 

wavelengths, experimental, multi-wavelength SERS studies, sometimes 

referred to as surface-enhanced Raman excitation spectroscopy (SERES), are hard 

to find; as pointed out recently by the late Richard Van Duyne [13], a strong 

proponent of the need for such investigations to complement numerical 

presentations [14–16]. Our custom-built multi-wavelength (dispersive) 

Raman system is discussed in Chapter 2, and multi-wavelength studies are 

discussed further in Chapter 3. 

 

1.4. The discovery of SERS 

An enhancement in the Raman signal was required as technological advances 

in excitation sources and detection equipment could not mitigate the inherent 

low cross section of Raman scattering when trace amounts of substances were 

considered. Raman is a relatively weak effect with typically only one in every 

107 incident photons Raman-scattered. Martin Fleischmann, more readily 

associated with Stanley Pons and claims of cold fusion (1989)21 [17], reported 

an enhancement in the Raman signal of pyridine adsorbed at a silver 

electrode; first at a Faraday Discussion in 197322 [2] and in print a year later 

[3]. Initially, this was ascribed to mere areal enhancement pertaining to the 

protrusions at the roughened electrode, but Jeanmaire (1977) [18] showed that 

this could not be the case, and an explanation via increased local electric fields 

                                                           
21 Interestingly, there are still researchers who work in ‘Low-Energy Nuclear Reactions.’ [95] Thank 
you to ‘Tech Watcher’ Alain Coetmeur (@AlainCo) on Twitter for pointing this out to me. It raises an 
interesting question, could Fleischmann have discovered two new physical phenomena and have got 
the interpretation wrong twice? 
 
22 The 1973 Faraday Discussion comments were actually made by co-worker A. J. McQuillan [2]. 
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due to the excitation of collective electron oscillations has been preferred. 

Since then, enhancements of up to 1014 have been reported [19,20], but the 

current consensus is that maximum enhancements of around 108 are more 

realistic [8,21]. Such numbers are adequate for single molecule detection and, 

in fact, much more modest enhancements23 of, say 104 – 105 should be suitable 

for most trace analysis applications [22,23]. The calculation of these numbers 

here is detailed subsequently in Chapter 2, Section 2.5. (some background in 

electromagnetic enhancement is provided in Section 1.6), with differences 

existing at large in how they might be calculated exactly [24]. Indeed, the 

meaningful comparison of SERS enhancement factors (EFs) is a good question 

[25] (briefly discussed in Chapter 6). A summary of historical Raman 

experiments is given in the infographic in Figure 1-4 [2,3,6,7,11,18–20,24,26–

33].  

                                                           
23  Measured over the whole SERS substrate area. 
 

Figure 1-6. Localised surface plasmon-polaritons (LSPs) and propagating 

surface plasmon-polaritons. 
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It is worth noting that the SERS field is vast and also involves studies into 

many other substrate types, single molecule SERS detection (SM-SERS),24 

chemical effects on measurements, work with scanning tunnelling 

                                                           
24 In particular, it seems like the studies in single molecule SERS (SM-SERS) [19,20] have received the 
most attention and piqued some of the continued interest in the field alongside lithographic 
improvements and the ability to precisely fabricate SERS substrates for (more) analytical means 
[90,91]. This does not seem to be possible as of yet with IR spectroscopy in ambient conditions, even 
if sensitivity is improved via a ‘molecular expansion method’  [96,97]. The utility of single molecule 
studies in the long term remains to be seen. 
 

Figure 1-7. The excitation of LSPs and SPPs (grating method). Light incident (green 

arrows) on plasmonic metals, such as gold and silver, can induce (a) localised 

plasmon-polaritons (pink highlight) when interacting with individual nanostructures 

and (b) propagating plasmon-polaritons (red highlight) when encountering a 

periodic feature. Outsets: The grating may be defined by a, the grating period. 

Decay lengths parallel and perpendicular to the surface can be defined. A 

perpendicular component, or evanescent decay, means that the excitations can be 

considered ‘inherently leaky’ (Maier, 2007). 
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microscopes (STM) in what is known as tip-enhanced Raman spectroscopy 

(TERS), theoretical work involving simulation via Density Function Theory 

(DFT), and more. Moreover, this does not include any of the variations on 

Raman spectroscopy, or resonant Raman (RRS) and surface enhanced 

resonance Raman (SERRS), where the incident photon energy corresponds to 

an actual molecular transition [34]. One might conclude that the high research 

activity in the field of vibrational spectroscopy indicates that it is in a strong 

position [8].25 

 

1.5. Plasmonics 

1.5.1. Background 

Fleischmann’s discovery formed part of the birth of what is now termed 

plasmonics, the study of the plasmon, a quasi-particle of collective electron 

oscillations.26,27 Photons incident on certain materials can induce a sinusoidal 

                                                           
25 Fluorescence is often still stronger than SERS, but as it involves multiple de-excitation steps the 
peaks are broad. Hence, an enhanced Raman signal, with comparatively narrow peaks, has an 
advantage over fluorescence spectroscopy, which remains the technological norm. The high 
specificity and concurrent possibility for multiplexing in Raman should be attractive [8]. 
 
26 Some reserve the term quasi-particle for fermions only. Mattuck (1992) states [98], "As we have 
seen, the quasi particle consists of the original real, individual particle, plus a cloud of disturbed 
neighbors. It behaves very much like an individual particle, except that it has an effective mass and a 
lifetime. But there also exist other kinds of fictitious particles in many-body systems, i.e. 'collective 
excitations'. These do not center around individual particles, but instead involve collective, wavelike 
motion of all the particles in the system simultaneously.” 
 
In SERS studies, the quasi-particle/collective oscillation concept is rarely invoked, it seems. Instead of 
considering the motion of free conduction electrons, the discussion is normally confined to 
electromagnetic modes or optical properties of the system, which can be fully described by the 
dielectric function, ε [8]. 
 
As a useful point of contrast, a photon is not a quasiparticle, but a ‘real particle’ and is therefore 
much less ‘lossy’ or highly interacting. Curiously, the term plasmon tends to be used in both 
quantum and classical discussions, whereas photon draws a distinctly quantum connotation and 
electromagnetic radiation or similar is preferred in a classical discourse [8].  
 
27 Many modern quasi-particles exist, detailed recently by Venema (2016) in ‘the quasiparticle zoo’ 
[99]. 
 



Introduction 

17 
 

‘plasma wave’ consisting of regions of adjacent low and high electron density. 

In the same way that a photon is a quantisation of light, the plasmon can be 

identified as a quantum of the free electrons, having a frequency and 

wavelength. 

 

Plasmons may exist as excitations confined to localities, localised surface 

plasmon-polaritons (LSPs), or those propagating at boundaries, propagating 

surface plasmon polaritons (SPPs) (Figures 1-6, 1-7). With the right 

nanostructured arrangement, these different plasmon types may be excited 

concurrently.  

 

Le Ru (2009) details further plasmon types [8]. This comprises various 

characteristics relating to the metal bulk, surface confinement as well as the 

coupled light-plasmon (polaritons) modes.28  Curiously, there seems to be 

inconsistent use of terms in the literature. Although burgeoning, the field of 

plasmonics can be seen to be the meandering accumulation of many (once 

unrelated) historical experiments (summarised in Figure 1-5) [3,8,35–54]. An 

understanding of plasmonic behaviour at metal surfaces underpins the 

dominant mechanism of SERS enhancement [8,55]. 

 

1.5.2. The dielectric function (permittivity) and optical properties of materials 

The optical response of (bulk) materials is characterised by the dielectric 

function, ε, and is related to refractive index, n, by: 

                                                           
28 Strictly, any quantum of light outside a vacuum is a polariton (interacting with a medium). Strictly, 
photon is reserved for light particles in a vacuum but we follow the vernacular and reserve polariton 
for light interactions with gold films and photon otherwise [8]. 
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𝜀 (𝜔) =  𝑛2                                                         (1.5) 

 

The quantity is derived from the electronic structure and is a complex value, 

not only describing the strength to which the material may be polarised by an 

external electric field, but also the losses in doing so via an imaginary 

component (absorbance) (most materials are not transparent). It varies with 

the excitation wavelength, λ, and hence is often given as a function of the 

angular frequency, ω: 

 

where  𝜆 =  
2𝜋𝑐

ω
                                              (1.6) 

 

with c representing the speed of light. The dielectric function can be modelled 

by a (classical) Drude model, postulating a kind of microscopic pinball where 

free, mobile electrons bounce (elastically) off large, static nuclei. This model 

ignores electron-electron collisions and long-range ion-electron interactions. 

 

For suitable plasmonic materials, the real value of ε must be small and 

negative (say, -20 to -2) for a resonance condition to exist, and the imaginary 

part (absorbance) small, so that the resonant magnitude is notable. This is clear 

when looking at the (complex) equation for a simple sphere from studies in 

classical electrodynamics [8,56,57]: 

 

𝐸𝑖𝑛 =  
3 𝑀

(𝜔)+2 𝑀 
𝐸0                                         (1.7) 
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where E0 is the incident electric field and Ein is the electric field inside the 

sphere and εM, the dielectric function of the surrounding medium. In this case, 

whenever ε is equal to -2, resonance will occur (the denominator will go to 

zero and the term will become large). While more intricate geometries require 

more complex equations (indeed, analytical solutions do not exist in most 

cases), the recipe for a small and negative real part of ε with a small imaginary 

part of ε, persists [8]. 

 

Knowledge of 𝜺 allows the electromagnetic properties of the plasmonic 

material to be calculated at any wavelength. The reflectance, R, may be 

calculated by matching the interfacial field boundary conditions. Often, a 

fundamental description of electronic dynamics is ignored. An emergent 

property is the local field intensity enhancement factor (LFIEF), which 

describes the intensity change of the field at the interface: 

 

𝐿𝐹𝐼𝐸𝐹(𝑟, 𝜔) =  |𝐸(𝑟, 𝜔)|2 /|𝐸0 (𝑟, 𝜔)|2                    (1.8) 

 

where r represents the distance from the metal surface, 𝝎 the angular 

frequency, E the modified electric field in the presence of the metal, and E0 that 

for the case without any plasmonic metal present. At planar surfaces, local 

field enhancements are unimpressive and can even represent a quenching of 

the field (at some wavelengths) [57]. The system becomes more interesting 

whenever different shapes are considered, however, analytical solutions only 

exist for the simplest geometries meaning numerical solvers must be sought 

[57]. [8,58–64] 
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Often special arrangements are required to couple incoming photons to 

plasmonic bodies. This could be the geometry of a nanostructure itself 

(wherein the plasmon is localised) or a grating structure to serve as a platform 

to launch a propagating surface mode [45]. Either way, the objective is the 

same: energy conservation so that incoming light might couple into plasmonic 

modes.29 

 

It is also useful to note that, like other waves, plasmons may interfere with one 

another [8,65,66]; indeed, this is central to the experimental work in this thesis 

where propagating and localised plasmons are postulated to mix (Chapter 3) 

or form in a gap between two adjacent nanostructures (Chapter 4). This effect 

is contingent on the direction of the electric fields and their polarisations 

(orthogonally polarised plane waves do not interfere). 

                                                           
29 The term mode appears to be prevalent in plasmonics literature (and probably beyond). It refers 
simply to an allowed state or arrangement of the collective electronic oscillations. 
 

Figure 1-8. The optical properties of gold and silver films. (previous page) (a) 

The real (ϵ1) and imaginary (ϵ2) parts for gold and silver and (b) as a function of 

thickness (gold only). Optical data from McPeak (2015) in (a) and Yakubovsky 

(2017) in (b). Figures of Merit (Quality Factors) for (c) gold and (d) silver (defined 

in figure), optical data from McPeak (2015). 

 

(e) The cross comparisons of different optical data sets for gold from refs. [58-

63]. (e)(i) Real (ϵ1) and imaginary (ϵ2) parts colour-coded to key in (e)(ii). (e)(iii) 

and (e)(iv) offer comparisons in terms of differentials from McPeak (2015) data 

for two different Quality Factors (insets). QLSP(1)/SPR, QSPP are from West (2010) 

and QLSP(2) is from Le Ru (2009). 
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1.5.3. Gold vs silver 

Studies in our work exclusively use gold, which is comparably unreactive and 

a ‘good’ plasmonic material above 600 nm. In general, silver may be 

considered a ‘better plasmonic metal’, frequently producing higher 

(occasionally orders of magnitude) LFIEFs than gold [8,57] (at some parts of 

the visible spectrum). Also, silver is much cheaper than gold. However, silver 

has a reduced lifetime30 due to easy oxidation, and there are problems with 

toxicity for in vivo SERS applications [7–9] (again due to its tendency to 

oxidise). Other plasmonic materials do exist31,32 [64,69,70] with aluminium a 

promising candidate in the UV range [71,72] where recent work has focused 

on improving SPP propagation lengths [73]. Indeed, a focus on the UV range 

may be beneficial for bio-applications, where significant absorption occurs in 

the visible [70], for example, in photothermal targeting of tumours [74]. In 

addition, the ∝ 1/λ4 dependence of the Raman phenomenon promotes a 

relatively high signal in this part of the spectrum. Sigle (2013) has reported 

deep-UV (233 nm excitation) SERRS for adenine on an aluminium nanovoid 

substrate, reporting enhancements over a factor of 106 above purely resonant 

Raman spectra [75]. A gold-silver comparison is made in Figure 1-8(a), (c) and 

(d) based on optical data from McPeak (2015) [58] and Figure of Merits (FoMs) 

from West (2010) [64] and Le Ru (2009) [8], the latter of which is similar to ref. 

[76].  

 

                                                           
30 Previously, we have studied the effect on the resistivity [34] on thin silver films left in ambient and 
sulphur-contaminated environments and a decrease of over 50% over a fresh film was observed. 
 
31 This includes potassium and sodium, which are comparable to gold and silver across the visible 
range (better at some wavelengths), but are too reactive for practical use [64]. 
 
32 Research into alternative plasmonic materials has also cropped up in refractory studies with 
applications in heat-assisted magnetic recording (HAMR) and photothermal cancer treatments [100]. 
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1.5.4. Optical data sets and Quality Factors (QFs) 

The Quality Factor (QF) is a FoM used to evaluate the success of plasmonic 

metals as a function of wavelength and invariably constitutes a quotient 

incorporating the real and imaginary parts of the metal’s permittivity. The QF 

values can be very different depending on the optical data set chosen and 

indeed, the specific QF used. This is clear from Figure 1-8(e)(i-iv) where cross-

comparisons are made. This data has been interpolated to allow for 

differential calculations in (e)(iii) and (iv). The QF ‘LSP(2)’ equation is derived 

from Le Ru (2009) (see Figure 1-8, but here we use optical data from McPeak 

(2015) [58]).  Our plot reaches its apex (optimal performance) around 700 nm, 

whereas Le Ru (2009), which uses Palik (1998) data [62], claims this is closer to 

the mid-600 nm region (using an analogous equation). The equations for QFs 

‘LSP(1)/SPR’ and ‘SPP’, both from West (2010) [64], are given in Figure 1-

8(e)(iii) and (iv). LSP(1) is intended to be used with nanoparticles. 

Figure 1-9. Illustrative dispersion plot of the angular 

frequency (ω) and (real parts of the) wavevector in 

the x-direction (kx) showing photon (red) lines and 

SPP (dark blue) lines in air and glass [79].  
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While a full discourse on the suitability of QFs and optical data sets used in 

the literature is beyond the current discussion, it suffices to say that this may 

be an area that has been overlooked historically, as Babar (2015) has suggested 

recently [77]. Arguably, this is implicit in the spate of recent publications in 

optical data, some of which are plotted in Figure 1-8(e) [58,60,63]. Babar (2015) 

has criticised the Johnson and Christy (1972) data noting that films produced 

in an oil-pumped bell jar are often ‘rough, inhomogeneous and far from bulk-

like.’ It may be unappreciated that the most commonly used data sets, Johnson 

and Christy (1972) and Palik (1998) (based on Thèye (1970) in the visible range 

[78]), appear relatively sparse.  

 

1.5.5. Exciting LSPs and SPPs [79] 

Figure 1-7 has illustrated the localised and propagating surface plasmon-

polaritons (LSPs and SPPs) that can exist at metal surfaces, but how are these 

modes excited and characterised? Both excitations occur as a result of an 

alteration to the incident photon momentum by the surface features, allowing 

coupling to the conduction electrons. This action is often described by a 

dispersion relation plot of energy or angular frequency versus wavevector 

(hence momentum).33,34 In the case of an LSP, the surface feature is substantial 

enough to confine the excitation. Here, the incident electric field disturbs the 

conduction electrons and the geometry permits a restoring force with the 

system becoming a damped harmonic oscillator. Analytical solutions exist for 

simple spherical and ellipsoidal geometries (Mie theory [8,36]) using a quasi-

                                                           
33 Dispersion refers to the process whereby light at different frequencies propagate through 
(dispersive) media at varying speeds. 
 
34 Dispersion plots may also plot energy vs wavevector. ω vs k is often seen as convenient, however, 
because it allows easy calculation of the phase and group velocities. 
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static approximation (homogeneous electric field over the nanostructure 

geometry); larger and more complex shapes require a numerical approach. 

 

Maxwell’s equations can be 

studied at the interface of a 

dielectric and plasmonic 

metal, each with their relative 

permittivities, ϵ1 and ϵ2. Figure 

1-10 shows the x-z plane of 

such a system. Here, there 

may be a transverse electric 

mode (TE) with magnetic field 

(H) and electric field (E) 

components, Ey, Hx and Hz, or a transverse magnetic mode (TM) with 

components, Hy, Ex and Ez. No TE plasmonic modes exist because continuity 

at the interface cannot be fulfilled for non-zero field amplitudes for TE fields. 

Details are given in refs. [45,80]. 

 

For TM polarisation, the electric field components may be expressed via: 

 

𝐸𝑥 =  −𝑖
1

𝜔𝜖0𝜖

𝛿𝐻𝑦

𝛿𝑧
                                           (1.9a) 

𝐸𝑧 =  −
𝛽

𝜔𝜖0𝜖
𝐻𝑦                                           (1.9b) 

 

β is the propagation constant and is the component of the wavevector, k, in the 

direction of propagation (here, kx) The wave equation for TM modes is: 

Figure 1-10. 2D slice of a dielectric-

metal system. 
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𝛿2𝐻𝑦

𝛿𝑧2
+ (𝑘0

2𝜖 − 𝛽2)𝐻𝑦 = 0                                     (1.10) 

 

Then using Equations 1.9a and 1.9b in the first material region (dielectric) 

gives: 

𝐻𝑦(𝑧) =  𝐴2𝑒𝑖𝛽𝑥𝑒−𝑘2𝑧                                       (1.11a) 

𝐸𝑥(𝑧) =  𝑖𝐴2
1

𝜔𝜖0𝜖2
𝑘2𝑒𝑖𝛽𝑥𝑒−𝑘2𝑧                                (1.11b) 

𝐸𝑧(𝑧) =  −𝐴2
𝛽

𝜔𝜖0𝜖2
𝑒𝑖𝛽𝑥𝑒−𝑘2𝑧                                 (1.11c) 

 

and in the second half space (metal) the equivalent equations are: 

 

𝐻𝑦(𝑧) =  𝐴1𝑒𝑖𝛽𝑥𝑒−𝑘1𝑧                                     (1.12a) 

𝐸𝑥(𝑧) =  −𝑖𝐴1
1

𝜔𝜖0𝜖1
𝑘1𝑒𝑖𝛽𝑥𝑒−𝑘1𝑧                               (1.12b) 

𝐸𝑧(𝑧) =  −𝐴1
𝛽

𝜔𝜖0𝜖1
𝑒𝑖𝛽𝑥𝑒𝑘1𝑧                                    (1.12c) 

 

In equation sets 1.11 and 1.12, k1, k2, A1 and A2 are the respective wavevectors 

and amplitudes in each medium. Continuity of Hy and ϵiEz at the boundary 

between the two materials dictates the following relations: 

 

𝐴1 =  𝐴2                                                 (1.13a) 
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𝑘1

𝑘2
=  −

𝜖2

𝜖1
                                               (1.13b) 

 

Equation 1.13b explains why the materials must be an insulator and a 

conductor, respectively: the permittivities must have opposite signs. The 

wave equation (1.10) also must be satisfied giving: 

 

𝑘1
2 =  𝛽2 −  𝑘0

2𝜖1                                               (1.14a) 

𝑘2
2 =  𝛽2 −  𝑘0

2𝜖2                                               (1.14b) 

 

Combining equations 1.14a and 1.14b with 1.13b leads to the dispersion 

relation for SPPs: 

 

𝛽 =  𝑘0√
𝜖1𝜖2

𝜖1+𝜖2
                                              (1.15) 

 

Practically, SPP excitation is not as straightforward as LSP excitation. This is 

because (at least at normal incidence) the SPP dispersion plots always are at 

higher momentum (dark blue lines, Figure 1-9) than the momentum of the 

impinging photons in the original media (red lines, Figure 1-9). Hence, SPPs 

must be excited in more ingenious ways. One such approach is evident in 

Figure 1-9, illustrated in the inset, whereby evanescent coupling across a thin 

gold layer may induce an SPP at the subsequent gold-air interface (the 

Kretschmann configuration). This is one of several ways, illustrated in Figure 
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Figure 1-11. Ways to excite SPPs. (a) Via prism coupling. Here, specifically by the 

Kretschmann configuration. (b) By scattering induced by placing a fibre tip in the 

near-field. (c) By introducing a point defect (could be roughness) or by making a 

periodic array of nanostructures (grating). (e) SPP excitation is also possible via the 

surface bombardment of high energy electrons (cathodoluminescence). Based on 

McCarron, 2013 [79]. 
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 1-11, including near-field scattering via a fibre tip and electron bombardment 

(cathodoluminescence; the opposite process to the photoelectric effect). 

Relevant to the proceeding nanodome study in this thesis is the excitation of 

SPPs via a periodic grating (Figure 1-11(d)) and this is detailed further in 

Chapter 3. 

 

Nanometric-sized asperities associated with roughness may also induce SPPs 

but over a broader (less coherent) range of energies. They can also confine 

LSPs, often spectacularly, resulting in very high local electric fields and large 

SERS enhancements. However, a lack of reproducibility may make such a hot-

spot dominated system undesirable. Fang (2008) famously showed that 24% 

of the total SERS signal could originate from a mere 63 of 1,000,000 ‘sites’ on a 

silver nanosphere surface [31]; a similar discussion has been conducted by 

Chien (2009) [81]. 

 

The propagation of plasmon-polaritons along the dielectric-metal interfacial 

plane is characterised by the propagation length: the distance travelled before 

the amplitude of the excitation reaches 1/e (Figure 1-7). For gold, this is 100s of 

µm in the visible range and hence is of little concern, being much larger than 

any prospective grating period (nanostructure to nanostructure distance). 

More pertinent is the decay length (again, 1/e) of the plasmon’s field 

perpendicular to the plane, the skin depth. This provides insight into the 

appropriate metal thickness covering the substrate for optimal enhancement. 

The perpendicular fields are evanescent as dictated when matching the 

boundary conditions. 
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1.5.6. Resonance[82] 

Resonance is a general concept involving the increase in the amplitude of an 

oscillatory system when driven at a specific frequency. Typically, the system 

follows the well-known (approximately symmetric) Lorentzian (or Cauchy) 

amplitude profile and gains a little energy over each oscillation, as long as the 

driving force is in harmony with the motion of the oscillator. The textbook 

system is the mass on the swing. As the swing is pushed (external force 

applied) at its apex (and stationary) position, the swing will gain energy until 

balancing with frictional forces (or the person falls off!).  The phenomenon is 

true also for (conduction band) electrons: plasmonic excitations may oscillate 

with a greatly enhanced amplitude when a specific frequency of 

electromagnetic radiation is applied, referred to as surface plasmon resonance 

(SPR) [83,84]. This term is also used to describe far-field reflection studies 

where surface plasmons, sensitive to small changes in the refractive index of 

the dielectric medium, can be used as a biosensor. SPR sensing is usually 

considered incompatible with SERS studies, despite some history of combined 

SERS-SPR studies in the Kretschmann configuration [85]. 

Figure 1-12. (a)-(c) The simple harmonic oscillator: a person on a 

swing. As a second person applies a force with the swing at its apex, 

(i.e. at the natural frequency) the system gains amplitude until 

cancelling with frictional forces. Photo credit: Stephen Murray [82]. 
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1.6. Electromagnetic Enhancement in SERS 

How plasmons might increase the signal of a Raman-scattering body is now 

clear. In the theory of electromagnetic enhancement (EE) in SERS, an increase in 

Raman signal is wrought by a plasmonic increase in the electric field in the 

near-field. Incident photons can then couple with these high fields, interact 

with the molecule under scrutiny, and then couple again to the same local 

fields on exit.35 The excitation of localised plasmons depends acutely on a 

combination of the geometries of nanostructures employed and laser 

wavelength used (or grating spacing, which will excite propagating plasmon 

modes [SPPs] at the metal-dielectric interface). Models suggest EM 

enhancements as the dominant SERS mechanism [8,55]. Intuitively, electric 

fields are most concentrated between the smallest gaps [31], often termed hot-

spots, but their presence may not always be desirable [86,87]. 

 

This leads to the common E4 enhancement in SERS studies, which is made use 

of in Chapters 3 and 4. A LFIEF may be defined for the electric field in the 

excitation of the Raman dipole and again for the same dipole in de-excitation. 

The very different radiation profile of the dipolar excitation, however, makes 

the calculation of the ‘real’ LFIEF difficult. Fortunately, this may be overcome 

by considering optical reciprocity, a very general theorem in physics that 

states [8,56]: 

 

                                                           
35 The completion of this overview on Raman, plasmonics and SERS then gives insight into why the 
relative effect of fluorescence is reduced in SERS. Fluorescence, an absorptive process, features non-
radiative transitions ‘down through’ the energy levels post-absorption (in contrast to those in Figure 
1-3). This explains why fluorescence spectroscopy does not benefit as fully from the enhancement in 
SERS: the radiated wavelength is a much longer wavelength (away from the localised surface 
plasmon resonance). Fluorescence may still prove a problem however, often having a cross-section 
comparable (or larger) than in SERS meaning in some instances longer excitation wavelengths 
(where fluorescence is lower) perhaps via Fourier transform (FT) Raman approach, or instead 
surface enhanced resonant Raman scattering (SERRS) is preferred [8]. 
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po Em = pm Eo                                                                                          (1.16) 

 

stating that the electric field at a point M (Em) caused by a dipole at point O 

(po) is related to the electric field at point O (Eo) caused by a dipole at point M 

(pm) [8]. 

 

This means that the electromagnetic problem in the de-excitation phase may 

be replaced by a ‘virtual’ scenario, equating the LFIEF in de-excitation to that 

upon dipole excitation, as long as plane waves are involved. This leads to the 

E4 approximation in SERS [8,24,88]: 

Figure 1-13. The SERS Uncertainty Principle thought experiment. A 

schematic explanation of why increased localisation of the impinging 

electromagnetic energy is increasingly successful in producing a larger and 

larger SERS response. Figure based on Doherty (2012) [21]. 
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𝐸𝐹 =  𝐿𝐹𝐼𝐸𝐹𝑒𝑥 𝐿𝐹𝐼𝐸𝐹𝑑𝑒−𝑒𝑥 ≈  (
𝐸𝑒𝑥

2

𝐸𝑜
2 ) (

𝐸𝑒𝑥
2

𝐸𝑜
2 ) =  𝐸𝑟𝑒𝑠𝑢𝑙𝑡

4               (1.17) 

 

where subscripts ex and de-ex denote excitation and de-excitation phases, Eo 

the electric field without plasmonic enhancement and Eresult the increase in 

electric field strength. It does not incorporate any Raman shift when crudely 

calculated as E4 at the laser excitation wavelength, and therefore LFIEFde-ex 

might be better calculated separately at the Raman-shifted wavelength (and 

multiplied with LFIEFex).36 

 

1.7. ‘The SERS Uncertainty Principle’: Is a hot-spot a good spot? 

The label ‘SERS Uncertainty Principle’ is a quip from Michael Natan in the 

concluding remarks of the SERS Faraday Discussion of 2005 [89]. Formally, it 

describes the trade-off between the ability to characterise the (electric field 

enhancing) features of the surface and the degree of enhancement (or 

strength/localisation of electric fields on the surface). The smaller the 

enhancing surface regions on a SERS active surface, the larger (and more 

localised) the electric fields but the more difficult it is to characterise those 

surface features (Equation 1.18). At worst (or at best depending on 

standpoint!) these features are truly nanometric-sized asperities, often termed 

hot-spots. The relationship is more commonly portrayed in terms of 

uniformity: the higher electric fields (better sensitivity of a substrate) the lower 

the uniformity across the substrate (spot-to-spot) and the poorer the  

                                                           
36 Full details are given in Chapter 4 of ref. [8]. In particular, this application of the Optical 
Reciprocity theorem (ORT), sometimes denoted the Lorentz Reciprocity Theorem, has the 
requirement that the linearly polarised light in both excitation and de-excitation phases (i.e. pre- and 
post-interaction with the sample) must be parallel.  
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reproducibility in fabrication (sample-to-sample). Humorously, one might 

say, ‘the worse a substrate is made (roughness), the better it performs 

(sensitivity),’ and vice-versa [21]. With a focus on analytics, precisely defined 

features on ‘rationally designed’ SERS substrates have been the fashion in the 

past 20 years or so [86,90,91]. 

 

Resolution # × Enhancement Factor ≈ Constant                             (1.18) 

 

It is worth repeating the insight of Doherty (2012): in a useful thought 

experiment, it may be seen how the non-linear enhancement of Raman-

Figure 1-14. The SERS uncertainty spectrum. Can novel SERS substrates be used to 

achieve a better trade-off between sensitivity and reproducibility? 
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scattered photons leads to smaller regions of more concentrated electric field 

giving larger Raman signal enhancements (Figure 1-13) [21]. This is not 

intuitive, for energy conservation dictates that the more a particular SERS 

platform concentrates the incident laser energy, the more ‘depleted regions’ 

exist. However, in SERS the photons may couple to the enhanced near-field in 

incidence and post-scattering, allowing a non-linear response and gigantic 

Raman enhancements. Of course, one solution is to make features small 

enough to compete with those associated with rough substrates. However, 

this is not possible with current lithographic limits; SERS could use a little 

more ‘room at the bottom’ [21].37  

 

1.8. Conclusion 

This short chapter has introduced the fields of Raman spectroscopy and 

plasmonics and their relevance to SERS. Armed with an overview of the SERS 

effect, the goal is to thoroughly characterise two SERS substrates, which have 

novel enhancing mechanisms. And subsequently, to investigate the use of 

SERS in the detection of explosive precursors. First, it is useful to outline the 

common experimental set-up and methods. 
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2.1. A custom-built Raman spectrometer 

The cardinal system for experiments in this thesis is photographed in Figure 

2-1 and a schematic is presented in Figure 2-2. The constituent parts of the 

system are explained subsequently, colour-coded and labelled to allow easy 

cross-comparison with Figures 2-1 and 2-2. This discussion provides an 

insight into why such a system is beneficial over commercial alternatives, 

which naturally have more fixed components. During the experiments, this 

Raman system was modified further to integrate an optical microscope and a 

second computer with a camera and fine-translation software, hence 

permitting greater control over laser bean position. While this feature would 

not have been essential in any of the current investigations, it may prove 

useful for future endeavours (for example, prospective studies on the 

patterned carbon nanotubes introduced in Appendix C), having done so in 

Figure 2-1. Photograph of the Raman system. Labels correspond to 

descriptors in main body text. Inset: close-up of the sample stage. 
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recent work on graphene by Katzen (2018) [1]. Many of the following 

experimental details have also been covered by Doherty (2012) [2]. 

 

Excitation sources (3) 

Many excitation sources provide information on the SERS performance across 

the visible range and hence, in conjunction with optical (transmission or 

reflection) spectra, permit near-field to far-field comparison. Commercial 

Raman spectrometers offer limited wavelengths (perhaps one or two from 532 

nm, 633 nm and 785 nm), at least in their initial set-ups. Laser details are given 

in Table 2-1. Longer excitation wavelengths were provided at higher powers 

due to the dependence of the Raman intensity on the inverse of the excitation 

wavelength to the fourth power (∝ 1/λ4). Measurement times were normally 

around 50 s for Rhodamine 6G (R6G) and 2 s, ten accumulations for Crystal 

Violet (CV) (moving laser spot via a motion controller). The accumulated 

spectra were necessary for CV due to its inherently large Raman cross-section 

and the tendency for the CCD to saturate during CV measurements. 

 

Band-pass filter (5) 

A component that removes unwanted additional lines produced by the laser. 

The filters are on a rotating wheel for convenience. 

Excitation-phase polariser and Detection-phase polariser (parallel 

polarised) (6 & 12) 

Two optional polarisers (Melles FPG 50.8-53 and Thorlabs SM05PM5 with 

polarising cube) that are necessary for comparison with simulated data via use 

of the optical reciprocity theorem (ORT) to bypass the electromagnetic  
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problem of emission from a localised dipole as detailed in [3]. Polarisers are 

removed for work where EFs are not calculated and strong signal intensity 

was necessary (Chapter 5). 

 

Broadband beamsplitter (9) 

A 50:50, polarisation insensitive, 400 nm – 700 nm beamsplitter (Thorlabs 

CM1-BS013) that allows measurements in the backscattering configuration 

(necessary for theoretical comparisons). Broadband wavelength operation 

allows different excitation wavelength measurements without changing 

beamsplitter with each laser change. The trade-off is a lower signal (~ 70% 

lower than a 90-10 dichroic beamsplitter).  

 

Focusing lens (8) 

A lens (focal length 35 mm) for focusing light onto the sample. Held in a tube 

for attachment to the beamsplitter. Backscattering configuration dictates 

Raman-scattered photons are subsequently also collected through this lens 

(NA = 0.34). The tube allows easy attachment of an aperture for angle-resolved 

spectra. 

Three-axis, rotating stage (7) and sample holder (15) with motion 

controller 

Composite three-axis movement stage (Thorlabs L5750 stage for rotation, 

NRC Model 270 lab jack for vertical positioning and Newport M-433 linear 

transformation stage) allows initial positioning of the laser spot on the sample. 

A motion controller (Newport MM4005) permitted precise laser spot  
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positioning (1 μm) and rastered measurements to be acquired. This is 

especially important for Crystal Violet dye (CV), which photobleaches to 

negligible signal very quickly. This is less of a problem with Rhodamine 6G 

dye (R6G) but is good practice for spectra when the goal is only to describe 

the near-field environment of the SERS substrate (independent of the analyte). 

The sample holder is custom-built with a screw to lock the SERS sample in 

place. It also accommodates cuvettes for Raman measurements on liquids 

(necessary for characterising the interaction volume or effective height of each 

laser, Heff [3,8]), and is fully removable meaning large (or awkwardly shaped) 

samples may also be accommodated. 

(Long-pass) Edge filter (10) 

A component that removes elastically scattered (Rayleigh) light (as well as 

anti-Stokes Raman-shifted photons). Filters on a rotating wheel for 

convenience. In future, a notch filter could be used to only remove photons 

around the laser line (to detect anti-Stokes Raman-shifted photons). 

Coupling lens (13) 

A lens used to align light with the spectrometer slits with a focal length of ~ 

100 mm. 

 

Vintage Spectrometer (1) 

A coma-corrected (0.64 m focal length) Czerny-Turner (single) 

monochromator blazed for 600 nm with 300 lines per mm grating (Jobin Yvon  



Experimental methods 

51 
 

  

Table 2-1. Comparison of lasers used in the Raman experiments. 
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HR 640). Permitted Raman-shifted spectra up to 2000 cm-1, which is suitable 

for both CV and R6G dyes (Chapters 3 and 4), as well as nitrate and sulphate 

ammonium salts (Chapter 5). The exception was noticed to be ammonium 

chloride, which requires a larger range for identification.

CCD camera (2) 

A (-55 ºC to -60 ºC) broadband CCD (Andor iDUS 420 OE) that is Peltier-cooled 

to reduce dark current1 (as low as 4 ×10-4 e-/pixel/sec.) therefore reducing the 

signal to noise ratio. Optional external fan sometimes used. Read noise is as 

low as 4 e- with a peak quantum efficiency of 58%. Pixel size is 26 μm × 26 μm. 

Connected to PC for spectral read-out using Andor MCD software. 

 

Alignment Mirrors (4) 

Mirrors (Photon Control Inc.) used for easy realignment upon changing lasers. 

 

Spectrometer Slit Entrance (14) 

The place where light enters the spectrometer. Slit size is set to 40 µm during 

all experiments (and therefore not the limiting factor in peak resolution). 

 

 Naturally, other systems have been used during sample preparation, 

characterisation and calibration. This has included thermal evaporation and 

sputtering systems, open-bench far-field transmission set-ups, an atomic force 

microscope (AFM), an ellipsometer, a scanning electron microscope (SEM) as 

well as a focussed ion beam (FIB). An optical microscope has also been used 

                                                           
1 Residual electric current flowing in the CCD independent of any external illumination. 
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for reflection measurements. These techniques are as standard and are not 

discussed further for brevity. A collaboration with TESCAN s.r.o. in Brno, 

Czech Republic, has provided some SEM-Raman correlative images (Chapter 

3). Any other characterisation or analysis has been conducted in-house barring 

some fabrication at Tyndall National Institute, Cork, Ireland (nanodomes, 

Chapter 3), the Technical University of Denmark (DTU) in Copenhagen 

(nanopillars, Chapter 4), as well as the preliminary explosive precursor 

investigations that were  carried out by QUB members and collaborators at 

Airbus Group Innovations in Munich, Germany (Chapter 5). Details specific 

to individual projects (Chapters 3 – 5) are found in the relevant chapters. 

General experimental details are continued below. 

 

Figure 2-4. Scheme for analyte application to the SERS substrate. Outset, 

bottom left, SEM images showing inverted-pyramidal SERS substrate and 

dried analyte circular region on larger scale. 
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2.2. Analyte preparation 

Raman dyes (detailed subsequently) were prepared via sequential dilutions 

from a stock solution to concentrations between 1 µM and 10 µM for 

monolayer approximations (Chapter 3 and 4). Dilute dye (2 µL – 4 µL) was 

then applied to SERS substrates via micropipette (drop-casting). This allowed 

quick and easy measurements. Rastering across the dried drop region via the 

motion controller during measurements was performed to mitigate the 

inherent inhomogeneity in molecular coverage. Solutions of nitric acid in 

Chapter 5 were prepared in a similar way but with concentrations specified in 

Figure 2-5. Deciding the ideal molecular surface coverage for SERS. 

Like the three bears (d), it is important to get the molecular coverage 

‘just right’ (b). Having a molecular coverage too low (a) or too high (c), 

both prove problematic [4]. 
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‘parts per’ notation.2 This is because the focus of this latter work was 

establishing detection limits rather than calculating an enhancement factor.3 

Molarity is calculated as follows: 

 

Molarity = no. moles / litre solution                                   (2.1a) 

No. moles = solute mass / molar mass                                (2.1b) 

Molarity  = solute mass / molar mass × no. litres solution             (2.1c) 

 

Alternatively, molality, m, as mentioned in Chapter 5, is defined as: 

 

Molality = no. moles / kilogram solvent                                 (2.2) 

 

 This quantity is useful where volumes may change significantly due to 

temperature and pressure variation. 

 

2.3. Raman dyes (analytes) 

Crystal Violet (CV) (CI No. 42555, Eastman Original Chemicals, NY, USA) 

IUPAC name4: Tris(4-(dimethylamino)phenyl)methylium chloride 

C25N3H30Cl 

                                                           
2 1,000,000 ppm ≡ 100 % solute mass in the solvent volume. 
 
3 However, some SERS researchers implicitly express their dissatisfaction with EFs (in general) by 
only using detection limits. This lies in difficulties in comparing EFs due to overt variability in 
calculations and (often opaque) experimental factors. 
 
4 International Union of Pure and Applied Chemistry. 
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Rhodamine 6G (R6G) (MW 479, Radiant Dyes Chemie, Wermelskirchen, DE) 

IUPAC name: [9-(2-ethoxycarbonylphenyl)-6-(ethylamino)-2,7-dimethylxanthen-3-

ylidene]-ethylazanium 

C28H31N2O3Cl 

 

 

Two analytes were used to facilitate interrogation of the near-field. Regarding 

EF calculations, both have relatively large Raman cross-sections and 

resonances in different parts of the visible spectrum (Figure 2-3), ensuring 

some signal was always obtained during experiments. Using two different 

molecules also allows a check for any chemical enhancements. Typically, R6G 

spectra were taken as the mean signal from a 50 s raster across the SERS active 

Figure 2-6. Readout for the calibration of the thermal evaporator via 

atomic force microscopy (AFM). 
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area. CV spectra were attained via 10 (continuous) rasters of 2 s duration to 

stop CCD count saturation. This was also beneficial because CV photobleaches 

readily. The counts per second (cps) data for CV was subsequently divided by 

10 for each Raman band. [4] 

  

The dye concentrations and drop volumes were chosen to permit a detectable 

signal and yet a surface coverage below one complete molecular layer. If the 

molecular coverage is too low, it may be problematic to get (consistent) Raman 

signals (Figure 2-5(a)). Alternatively, if it is too high, then this compromises 

the SERS EF calculation, which requires sub-monolayer coverage (Figure 2-

5(c)). 

 

2.4. Metallisation/Vacuum procedures 

The deposition of the plasmonic metal and the circumstances under which it 

is performed in the preparation of SERS substrates may be an overlooked area 

and recently, the group of David Norris (ETH Zürich) have suggested some 

‘rules and recipes’ so that ‘plasmonic films can easily be better’ [5]. The two 

metallisation procedures used in our work are thermal evaporation and 

sputtering. The latter is less intuitive, involving the bombardment of a metal 

target to induce ‘local boiling’ for the release of material to cover the naked 

sample [6]. Leaning nanopillar substrates were evaporated at the Technical 

University of Denmark (DTU) (Chapter 4). Nanodomes (Chapter 3) have been 

both sputtered and evaporated in-house at QUB. System calibration methods 

have been performed by atomic force microscopy (AFM) (Figure 2-6), 

ellipsometry and optical transmission measurements. The commercial SERS 

substrate employed in explosive precursor studies (Chapter 5) arrived 

metallised from Renishaw Diagnostics, Glasgow, UK. All current studies have 



Experimental methods 

58 
 

used gold as the applied metal, which may be considered the best practical 

plasmonic metal [3,7] (see Chapter 1, Sections 1.5.2, 1.5.3 and 1.5.4.). 

 

Regarding vacuum measures, various pumps (roughing, turbo-molecular, 

cryogenic) and pressure gauges (Pirani and Penning) have been employed. 

The goal has been to ensure that the mean free path (mfp) of the volatising 

material is much greater than the vacuum chamber dimensions. Typically, this 

corresponds to a minimum operating vacuum of 10-5 mbar. A detailed 

discussion of these issues is given in Heavens (1955) [6]. 

 

2.5. Enhancement Factor (EF) calculation 

Figure 2-7. Considerations for molecular surface density: example 

calculations. Also see footnote p.234. 
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All EFs were calculated according to the ‘Total SERS Enhancement Factor’5 

[3,8]: 

 

⟨SERS EF⟩ =  
𝐼𝑆𝐸𝑅𝑆 / µ𝑠𝑢𝑟𝑓

𝐼𝑅𝑆 / (𝑐𝑅𝑆 𝐻𝑒𝑓𝑓)
                                             (2.3) 

 

IRS and ISERS are reference Raman-scattered and SERS intensities, μsurf is the 

surface density of the analyte molecules on the SERS-active platform, while 

cRS is their concentration taken from dye liquid placed in a cuvette. Heff is the 

effective height of the system [8] which characterises the interaction volume of 

each specific laser and has been observed by initial Raman measurements on 

the dyes in cuvettes in a backscattering configuration (as the focal point of the 

laser beam is changed). One caveat here, is the potential problem of self-

absorbance whereby the dyes are of high enough concentration that multiple 

absorbance events can compromise the Heff measurement as the focal point is 

increasingly moved back into the cuvette (and therefore the laser beam 

traverses more dye molecules on its journey in backscattering in and out of 

the cuvette). This will lead to an overestimation in SERS EF, but EFs for any 

one wavelength should be consistent. This is also fairly true across the 

different wavelengths, except where the molecules are at resonance of course, 

because the reference dye concentrations used are all similar (high) 

concentration.6 The concern is hence more one of possible EF discrepancy with 

external SERS experiments.  

                                                           
5 In ref. [8] the Total SERS EF also incorporates the number of nanostructures. Here, we do not 
include this parameter. It is shown that in Chapters 3 and 4 that increasing participating 
nanoantennae does not always increase SERS signal, with different reasoning in each case. Thus, the 
inclusion of the number of nanostructures on a SERS substrate is not always useful.  
 
6 CV at 10 μM for 594 nm and 633 nm and 1 mM for 671 nm, 692 nm and 780 nm. R6G at 1 mM for 
594 nm and 633 nm and 5 mM for 671 nm, 692 nm and 780 nm. 
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Calculating IRS with liquid dyes from scratch for each experiment is 

cumbersome, and hence the relationship between IRS intensities and the 

phononic silicon Raman band at 520 cm-1 has been obtained for all Raman 

bands and excitation wavelengths so that silicon could be used as the (indirect, 

but much more convenient) measure of IRS. Detailed discussion on EFs used 

in SERS is found in ref. [8].  

 

The EF calculation approach here abrogates any need to consider factors 

resulting from use of the spectrometer or the inherent performance of dyes as 

a function of wavelength: this is accounted for by the reference measurement. 

  

2.6. Data processing 

Raman spectra were processed in LabSpec 5 analysis software. Fluorescence 

background (or otherwise) was removed via manual multiple point fitting, 

and peaks were fitted using Gaussian and/or Lorentzian functions, variable 

Figure 2-8. Numerical methods. (a) Solved nanodome FEM 

model and (b) ‘meshing’ for an ellipsoidal dimer model. 
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‘level’ and ‘size’ parameters controlling the minimum height of peaks and 

number of peaks across the spectrum selected for the fitting, typically set at 

100 iterations. As is typical with SERS experiments, the background signal 

varied between (similar) measurements and its origin is not always clear. 

 

2.7. Numerical methods 

Over the past couple of decades, numerical methods for solving 

electromagnetic problems have become increasingly achievable with 

increasing computer memory. Now, suitably accurate plasmonic simulations 

can be obtained in reasonable timeframes. This is appropriate because 

analytical solutions are confined to basic geometries [7]. Two numerical solver 

packages have been used in our work utilising the Finite Element Method 

(FEM) and the Finite Difference Time Domain (FDTD) approaches and are 

discussed further in Chapter 3. 
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3.1. Background and theory 

3.1.1. Introduction[1] 

Over the past decade, there has been a trend towards the fabrication of SERS 

substrates that are much more uniform and reproducible, coinciding with 

advances in lithographic limits [2]. This has opened up the possibility of using 

SERS as an analytical tool, drawing serious consideration from the analytical 

community [3–7]. However, such substrates suffer from lower sensitivities; 

the plasmon-induced surface electric fields are arranged in a form that is less 

concentrated than they would be in a ‘hot-spot dominated system’ [8,9]. This 

trade-off is communicated by the SERS Uncertainty Principle (Chapter 1, 

Section 1.7). It has been concluded that these low sensitivity, high 

reproducibility substrates are of a fundamentally different character [8] and 

should not be compared to those designed for ultra-low concentrations or 

single molecule detection [10,11].1 

                                                           
1 How much sensitivity (substrate-averaged) is needed? Enhancements in the range 105 – 106× may 
be fine for most applications. Single molecule studies are interesting but may not be of much use 
long-term; it may be that their future purpose is seen as having piqued interest and research into 
SERS substrates for analytics [8,106]. Really, anything above 106 substrate-averaged EF (say, 107 – 
108) should be considered a very good SERS substrate [8]. 

Figure 3-1. Nanodomes as nanoantennae. In the same way as a Yagi-Uda 

antenna might be used to receive and transmit radio frequency (1 m – 10 m) 

electromagnetic waves [1] (a), structures on the nanoscale may be used as 

antennae for nanometre-wavelength radiation, as in (b), which shows enhanced 

Rhodamine 6G (R6G) Raman activity around nanodome bases (superimposed on 

SEM micrograph). 
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However, it would be useful to devise a system that mitigated this limitation, 

retaining the typical reproducibility of a top-down fabricated substrate with 

features on the scale of 100s of nanometres while reducing sensitivity losses. 

One solution may be the mixing of localised surface plasmon-polaritons 

(LSPs) and propagating surface plasmon-polaritons (SPPs) in a nano-system 

consisting of an ordered array of (easily reproduced) nanostructures. 

 

3.1.2. SPP excitation in 2D periodic structures 

Chapter 1 detailed the various ways SPPs might be excited (Section 1.5.5). On 

pristine (non-roughened) plasmonic surfaces direct excitation is not possible, 

which is clear from the dispersion relation (Equation 3.1) where the right-hand 

side is always greater than 1 when the impinging light is travelling from a less 

dense to a denser medium (ϵ is normally small and negative and sinϴ cannot 

be greater than 1). Hence, an arrangement incorporating a prism is often used, 

especially in surface plasmon resonance (SPR) studies.  

 

𝑘𝑆𝑃𝑃𝑠𝑖𝑛𝛳 =  𝑘0√
𝜀1𝜀2

𝜀1+ 𝜀2
                                     (3.1) 

 

where kSPP is SPP wavevector, k0 the free-space wavevector, ϴ the angle of 

incidence for the incoming photons, and ϵ1 and ϵ2 are the respective complex 

dielectric function of the two media. An alternative strategy is to employ a 

periodic structure, where the grating may provide an extra momentum 

component to permit coupling between the incident light and SPPs. This is 

conveyed by Equation 3.2 [12]: 
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𝑘𝑆𝑃𝑃(𝑔𝑟𝑎𝑡𝑖𝑛𝑔)𝑠𝑖𝑛𝛳 = 𝑘0√
𝜀𝑑𝜀𝑚

𝜀𝑑+𝜀𝑚
± 𝑝

2𝜋

𝐷𝑥
�̂� ± 𝑞

2𝜋

𝐷𝑦
�̂�                      (3.2) 

  

The symbols are as before, but here the dielectric function subscripts have 

been designated as d and m to represent the dielectric and metal media 

respectively. Dx is the periodicity in the x-direction, �̂� is the unit vector and p 

represents the order of the excitation. The parameters Dy, �̂�, and q are the 

equivalents in the y-direction. 

 

Figure 3-2. Theoretical Bloch (grating SPPs) modes for (a) superstrate and (b) 

substrate interfaces, as depicted in (c). (Palik, 1998) 
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Figure 3-3 displays the theoretical SPP dispersion plots for 600 nm grating 

periods at 30° incidence as an example. Different diffraction orders (m) are 

included. Here, energy (eV) is chosen on the y-axis but often angular 

frequency is used. More pertinent analysis will follow when considering 

experimental far-field data as a function of incident angle (Section 3.6). 

 

 

Figure 3-3. Dispersion plot for 600 nm period grating. In-plane SPP 

positions marked with grey dash for positive and negative orders 

(m) up to the third order (m = 3). SPPs for incident light line at 30° 

marked with colour code for orders at bottom (McPeak, 2015).  In-

plane light line in light blue. 
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3.1.3. The Fano resonance 

When resonances interact, for years it was assumed that the line-shape was 

the sum of individual resonances. However, in 1961 Ugo Fano discovered 

asymmetric resonant line-shapes while studying the auto-ionisation of helium 

and offered an explanation based on the constructive and destructive 

interference of the two system phenomena [13–15].2 Fano described the 

scattering amplitude (cross-section) shape of the interaction with the 

following formula: 

                                                           
2 One where the photons scatter simply and the other where the photons scatter via the ejection of 
an outer shell electron (auto-ionisation). This may or may not involve an Auger process. 
 

Figure 3-4. The big idea: using Fano resonances in SERS. A periodic array of 

nanostructures illuminated with light (green arrows) will support both localised 

(pink highlight) and propagating (red highlight) plasmonic modes, but can they 

interact to form a Fano resonance? 
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𝜎 =  
(휀 + 𝑞)2

휀2 + 1
                                                        (3.3𝑎) 

 

where ε is a reduced energy given by: 

 

휀 =  
2(𝐸 − 𝐸𝐹)

𝛾𝐸𝐹
                                                    (3.3𝑏) 

 

EF is the resonant energy and γ, the width of the auto-ionised state [15]. In 

(Equation 3.3a), q, a specific phenomenological parameter describing the 

degree of asymmetry, was determined by Fano by looking at the ratio between 

transition probabilities between the mixed state and to the continuum.3 

 

                                                           
3 σmin when ϵ = -q, σmax when ϵ = 1/q 

Figure 3-5. Fano resonance. (a) When spectrally broad and 

spectrally narrow resonances interact they may produce an 

asymmetric hybrid resonance within a small spectral range. (b) 

The phenomenon can be modelled classically with a coupled two 

oscillator system and a driving force (Joe, 2006). 



Nanodomes and Fano resonances 

70 
 

A useful realisation is a classical analogue (Joe, 2006), which may be found in 

a coupled two-oscillator system where a Fano feature may be induced in the 

amplitude of the first oscillator whenever it is driven at a specific frequency 

(Figure 3-35 to follow) [16]. The Fano effect may then be possible in plasmonic 

systems, which may be viewed as nanoscale coupled oscillators.  

 

𝐹(𝜔) = 𝐴𝐹
𝜔1
2 − 𝜔2 + 𝑖Γ1𝜔

(𝜔1
2 − 𝜔2 + iΓ1𝜔)(𝜔2

2 − 𝜔2 + iΓ2𝜔) − 𝜈12
2                            (3.4) 

 

3.1.4. Plasmon hybridisation 

Nanostructure plasmonic hybridisation studies go back to the turn of the 

Millennium when localisation, or ‘squeezing’, of the near-field coupled region 

had been reported in one-dimensional nanoparticle chains [17–20]. Then 

notably, Nordlander (2004) investigated the near-field interaction in a simple 

dimer system [21]. This study was based on Prodan’s (2003) ideas in plasmonic 

hybridisation that drew an analogue with Molecular Orbital Theory (MOT) 

with its notions of bonding and anti-bonding linear combinations of atomic 

orbitals [22,23].4 Prodan (2003) showed that by breaking concentric ring 

structures into their constituent parts and analysing the far-field spectra from 

each, plasmonic spectra of the constituent parts may be combined linearly to 

                                                           
4 MOT is now superseded by quantitative approaches in quantum chemistry such Density Functional 
Theory (DFT) or Hartree-Fock (HF). 

Equation 3.4.  The behaviour of the driven oscillator in a (two) coupled oscillator 

system as a function of a driving frequency, ω. AF is the Fano amplitude, ωj is the 

central frequency of oscillator j in the system, Γj is the width of the oscillator 

response, and ν12 is the Fano coupling parameter between the oscillators (see Joe, 

2006 in ref. [16]). 
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return the spectrum from the complete structure. An expanded narrative is 

given by Maier (2007) [12]. In a notable examination beyond these seminal 

papers, Kelf (2006) reports interactions between localised and propagating 

plasmons in a gold nanovoid array [24], and recently Baur (2018) investigates 

the hybridisation of different SPPs in a ‘multi-nanoparticle unit cell’ lattice, 

extending similarity with MOT beyond LSP-LSP interactions [25]. An 

important aspect to consider in such a circumstance is the polarisation of the 

respective plasmon-polariton modes, which may have an orthogonal relative 

polarisation angle. 

 

A key aspect of mixing plasmon resonances is that they may couple 

destructively and constructively, affecting whether the electromagnetic 

energy is more confined to the near-field (sub-radiance) or rather re-radiated 

into the far-field (super-radiance). The electrons can be thought of as 

oscillating out of phase (sub-radiant mode) and in-phase (super-radiant 

Figure 3-6. Molecular Orbital Theory (MOT). Analogous to the idea that 

molecular orbitals can be thought of as linear combinations of the 

wavefunctions of atomic orbitals, so too may complex plasmonic modes be 

constructed from simpler ones (Prodan, 2003). 
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mode). Under certain circumstances, Fano resonance may be relatively 

narrow, and hence, it may be possible to exploit such sub- and super-radiant 

plasmonic modes to enhance the SERS signal detected. Stockman (2010) notes, 

 

‘An important, albeit counterintuitive, property of dark [a reference to optical 

inactivity/sub-radiance] resonances is that, at exactly the frequency of the Fano dip, 

the hot spots of the nanolocalized optical fields in the nanosystem are strongest. This 

is because, at this frequency, the nanosystem emits minimal light and, consequently, 

does not wastefully deplete the energy of the plasmon oscillations.’ [26] 5 

 

Previous SERS maximum enhancement strategies have been to excite just to 

the shorter (bluer) wavelength side of resonance, thereby achieving some 

benefit in both excitation and de-excitation phases (at least for minimally 

shifted Raman bands) [27]. Similarly, it may be expected that under 

specifically engineered circumstances, that the plasmonic Fano system could 

                                                           
5 However, Ye (2012) [62] is a reminder that the relationship between SERS EF and (experimentally 
and numerically concurring) far-field spectra is not always straightforward; for reasons unclear, the 
largest enhancements in their multiple nanodisk structure appear to be just before the Fano dip. 
Far-field - near-field and SERS EF relationship is also discussed by others [35,38,107]. We are also 
currently undertaking a far-field - near-field WS-SERES study in a nano-grain system in conjunction 
with Airbus Group Innovations, Munich, Germany, here at Queen’s University Belfast. 

Figure 3-7. (a) Nanocylinder array as in Wei (2016) and (b) hexagonal packing 

pattern as in Wuytens (2017), which appear more as interlocking hexagonal 

structures (akin to the Giant’s Causeway). As is normal in SERS studies, there is a 

focus on maximising the nanostructure packing density to maximise electric field 

concentration and SERS EFs. 
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be excited at a lower energy (spectrally blue-shifted) sub-radiance and that 

enhanced Raman measurements could be taken at Raman band(s) 

corresponding to de-excitation wavelength(s) matching the super-radiant 

(spectrally red-shifted) component of the Fano profile. 

 

3.1.5. Differentiation from previous nanodome array (or similar) studies and 

notes on distance dependence in SERS 

As aforementioned, a simpler system of nanoparticle (1D) chains has been 

studied extensively [17,18]. Markel (2005), derives an analytical expression for 

such an arrangement, describing the ‘super-narrow’ resonant lineshapes 

produced,  via Mie theory [28] and a coupled dipole equation [29]. Meanwhile, 

Solerno (2005) has performed a near-field optical study (SNOM) and has noted 

that their analysis of the near-fields in these structures may be of interest in 

SERS [20].6 More recent works have focussed on 2D arrays. 

 

The inter-nanostructure spacings dealt with in this report are relatively large 

(between 500 nm and 800 nm) in contrast to comparative studies on similar 

structures [24,30–35], including Štolcová (2011) who reports the fabrication of 

a gold nanobowl SERS array based on the self-assembly of polystyrene 

microspheres [30], and similarly, Wuytens (2017) who has used polystyrene 

spheres, but as a mask during a reactive ion etch on an underlying Si3N4 layer 

[34]. The electromagnetic theory of the SERS effect (and its position as the 

primary enhancement mechanism), as well as its (precipitous) distance 

dependence from the enhancing structure, is well accepted [8,36]. For 

example, Le Ru and Etchegoin (2009) experimentally show a drop off of 

                                                           
6 More generally, Denkova (2013) discusses magnetic field variations in a SNOM study of a plasmonic 
bar, owing to tip-sample interaction [108]. 
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approximately three orders of magnitude (106 – 103) in the local field intensity 

enhancement factor (LFIEF) for 50 nm diameter silver and gold nanoparticle 

dimer systems (albeit in a higher index refractive medium) between 1 nm and 

10 nm proximity (at respective resonant wavelengths for each gap). This is 

seen as a paradigm for many hot-spot situations, noting beyond the gap of 20 

nm, the two spheres should be considered electromagnetically independent 

[8]. Choi (2010) claims a reduction of an order of magnitude (104 – 103) in the 

Raman signal between nanodome spacings of 17 nm and 84 nm in their silver 

nanodome system (both experimentally and numerically) with dome 

diameters in the range 200 nm – 300 nm at excitation 785 nm [32]. 

 

In other work, the Baumberg group (Kelf, 2006) reports plasmonic interactions 

in a gold nanovoid array (as in inverted dome/bowl structures) between 

localised modes associated with the individual nanostructures and 

propagating plasmons associated with the ensemble. However, the array is 

(tightly) hexagonally packed and is not designed to exploit Fano resonances 

[24]. 

 

Wei (2016) investigates the effect of altering the period for arrays of 

nanostructured gold-silver cylinders from the non-interacting regime (for 

LSPs) until coalescence [37]. There is a non-monotonic increase in the SERS 

signal as the structures get closer to one another. As the LSP modes of the 

structures interact initially, the enhanced Raman signal lowers before 

increasing again as the structures get closer (or ‘fill factor’ increases), and then 

plummeting at structure coalescence. Again, there is no focus on employing 

LSP-SPP plasmon mixing in this study and only one excitation wavelength is 

applied. Indeed, it appears that multi-wavelength experimental SERS studies 
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(or wavelength-scanned SERS excitation spectroscopy [WS-SERES]) are rare 

[27,35,38–41]. This is not surprising because they are time-consuming and 

often cumbersome experiments requiring additional laboratory expense. 

 

Hence, it is worth emphasising that the large spacing regime employed in our 

work means that any enhancement mechanism must be solely SPP-mediated 

or be very different in nature to other works. Gap mode enhancements are not 

expected, except from (unwanted) surface asperities.  

 

Recently, Henry (2017) comments on the distance dependence in SERS for 

spheres [38] by modifying an earlier model by Gersten and Nitzan (1980) [42], 

including a (similar) second term. This revised model agrees qualitatively 

with experimental SERS data (methylalumina probe molecule, r ~ 400 nm), 

showing a drop to ~ 36% and ~ 10% of the original SERS signal intensity, 1 nm 

and 3 nm from the surface respectively. However, barring roughened 

deposition, isolated plasmonic structures tend to provide lower electric fields 

(the exception being at points due to the lightning rod effect7). Multiple 

structures are required for plasmon mixing and/or Fano resonance studies, 

and a few specific kinds of nanostructures have become common in the 

literature. 

 

𝐼 =  (1 +
𝑟

𝑎
)
−10

                                                   (3.5) 

                                                           
7 A non-resonant crowding of electric field lines around a sharp metallic feature. 

Equation 3.5. A simple model for the distance drop-off in SERS intensity in spheres. 

r is the radius of curvature of the plasmonic sphere and a, the distance between 

the adsorbed molecule and the centre of the sphere (Gersten, 1980). 
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3.1.6. Fano resonances in the literature 

Fano resonances have been a hot topic in plasmonics receiving ample attention 

in the research literature [15,43]. These reports centre on the novelty of the 

Fano resonance as a possible mediator in high local electric fields, which could 

be used for sensing purposes. Foundational work was performed by the group 

of Olivier Martin and co-workers [44,45], where symmetry breaking and Fano 

resonances, within a plasmonics context, were investigated in nanowire 

arrays. Christ (2008) showed the emergence of two Fano resonances in far-

field reflection/absorption spectra as the spacing between planes of cuboid 

structures was reduced. Numerical models certified the plasmonic modes as 

Fano resonances by displaying antisymmetric (antiparallel directions8) electric 

field profiles (identical charge along the length of each wire) that could not be 

excited by the linearly polarised light (polarised along the wire length axis) 

[45]. 

 

Meanwhile, Lovera (2013), in the Martin group, exposes the intricacies of the 

Fano resonance in a (parallel) four-bar system with a coupled oscillator model 

alongside numerical and experimental far-field data [46]. Other similar Fano-

                                                           
8 Parallel but oriented in different directions. 

Figure 3-8. Nanostructure geometries used to study Fano resonances. (a) 

Proximal nanodisks, here an equal-sized, equidistant heptamer, (b) non-concentric 

ring structure, and (c) a dolmen arrangement. 
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supporting nanostructures have also been analysed, notably, ‘dolmen’ 

structures by Zhang (2008) [47] and Velleren (2009) [48].  

 

Much of the recent Fano research has come from the group or has had the 

involvement of Naomi Halas at Rice University, Texas, USA. Their seminal 

publication was Hao (2008) [49], where Fano resonances were shown to exist 

in non-concentric ring structures (initially studied by Wang (2006) [50]) due to 

the coupling between (broad) dipolar modes and (narrower) higher order 

modes, which are typically ‘dark’ (or ‘inactive’, ‘trapped’, ‘sub-radiant’) [26] 

being unable to couple to incoming light (and thus usually invisible to any far-

field optical analysis). Follow-up studies involving such ring-disk 

nanocavities have been subsequently performed by Sonnefraud (2010) [51], 

and Cetin (2012) [52], as well as a 3D analogue in the form of core-shell 

structures (Mukherjee, 2010) [53]. 

 

Arrangements of proximal nanodisks have also often featured in the context 

of Fano resonances in plasmonic studies. The ‘heptamers’, ‘hexamers’, 

‘oligomers’9 (or otherwise named) tend to involve a central disk and a small 

number of satellite disks. Following similar work by Wang (2007) [54], Le 

(2008) discussed the possibility of nanoshell arrays, in various configurations, 

as useful for (broadband; extending into the mid-infra-red) sensing in SERS 

and surface-enhanced infra-red adsorption (SEIRA) studies [55], whilst Fan 

(2010) introduced an investigation on the plasmonic properties of ‘self-

assembled plasmonic nanoparticle clusters’ and Fano-like resonances [56]. 

Subsequent studies, propounded largely by ACS’ Nanoletters publication  

                                                           
9 Olígoi Greek ‘few’. 
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Figure 3-9. Nanodome fabrication and initial characterisation. (a) Nanoimprint 

lithography (NIL). (i) A sub-master imprint mask is depressed to soft, 

photocurable polyurethane (PU). (ii) UV light is applied and the sub-master 

removed to reveal dome structures, which may have relaxed slightly around the 

dome bases. (iii) The structures may then be metallised to support plasmon-

polaritons.  

 

(b) Top-down (0°) SEM micrograph of nanodomes showing square profile; the 

domes are part of a large array, facilitating possible use in analytical SERS. (c) 

SEM micrograph at 30° with domes edge-on. (d) 3D atomic force microscopy 

(AFM) render of (naked) domes. (e) Rainbow: nanodome dispersion when 

illuminated by white light at an angle. (f) The purple glow from the sputtering 

process, formed when some electrons bombard the target (cathode) to produce 

light, while metallising the structures. 
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[57], have involved offsets in the central disk position (Mirin, 2009) [58], 

modifications to the surrounding dielectric media (Mirin, 2009) [58], changes 

in the size (and relative size) of individual disks (Lassiter, 2010) [59], the 

removal of a disk (Lassiter, 2010) [59], and alteration of the gap size (Hentchel, 

2010) [60], amongst others [61–66]. And recently, Ren (2017) reports a 

graphene hexamer for Mid-IR sensing applications [67], meanwhile, Zhang 

(2014) and He (2016) have looked into trimers and tetramers for surface-

enhanced coherent anti-stokes Raman (SE-CARS) [66,68]. However, the idea 

is always the same, interacting bright and dark plasmonic modes supported 

by the oligomer structures to induce a Fano feature.10 

 

3.1.7. Previous work in the group of Paul Dawson (QUB) 

The work in this chapter is the fruit of an initial collaboration established with 

the Centre for Nanostructured Media (CNM), School of Mathematics and 

Physics, Queen’s University Belfast (Paul Dawson and Matthew D. Doherty), 

and Tyndall National Institute, University College Cork (Richard Winfield) 

after LSPR studies by departmental colleagues (McPhillips, 2011) [31]. The 

prospect of Fano studies on the dome structures is first mentioned in ref. [69]. 

Preliminary SERS experiments and numerical modelling were performed by 

Matthew D. Doherty. An MSc report by Kristina Holsgrove [70] (‘Surface 

enhanced Raman Scattering – can we exploit Fano resonances?’) and a BSc 

study (‘Surface Enhanced Raman Scattering from Gold Nanodome Arrays’) 

by Peter Mulholland [71] provided introductory numerical and experimental 

SERS nanodomes studies (40 nm gold metallisation) suggesting that Fano 

  

                                                           
10 And it is hard to have too much of a good thing(!): the oligomer/heptamer structures continue to 
prove profitable in other ways: an interesting recent Halas group publication reports 
optomechanical effects [109]. 
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resonances may be of use in EF enhancement, and are referred to 

subsequently. 

 

3.1.8. Concluding remarks: Experimental SERS and Fano resonances 

The above summary of the current state of the field is by no means exhaustive, 

for example, a quick look at Naomi Halas’ publication record reveals many 

other peripherally related works and formative studies. Nevertheless, a 

comprehensive investigation attempting to highlight the benefit of Fano 

Figure 3-10. Nanodome cross-sectioning. (a) and (b): Focused ion beam 

(FIB) milling on the unaltered (bar standard FIB tungsten overcoat) gold-

coated domes causing severe deformations. (c) Lamella for transmission 

electron microscopy (TEM) and Inset, subsequent TEM cross-section 

showing flattened nanodomes. (d) Relevant material thermal conductivities 

(referenced in text). 
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resonances through not only numerical simulations and experimental far-field 

data but also through experimental SERS would be timely, complementing 

many earlier works. It appears that experimental SERS evidence of the benefit 

that plasmon mixing and Fano resonances are expected to have in sensing has 

mainly been avoided by the cohort. Whilst SERS experiments in general, as 

delineated in Chapter 1, require many different considerations (also see ‘The 

SERS Tube Map’, Chapter 6, Figure 6-1), and hence often make room for gaps 

in the research literature, it is difficult for the discerning reader not to feel like 

there has been an evasion of a crucial question: is there experimental SERS 

evidence for Fano resonances?  

 

One notable prior investigation that sets forth the importance of an 

experimental SERS study in the context of Fano resonances is Ye (2012), who 

reports on ‘Plasmonic Nanoclusters: Near Field Properties of the Fano 

Resonance Interrogated with SERS’ [62]. After studying differences in disk 

sizes, in the number of satellite disks, and the effect of an interloping carbon 

particle, they concluded that the largest enhancements occurred whenever the 

pump and Stokes-shifted Raman wavelengths ‘overlapped’ the Fano 

resonance. A wavelength-scanned SERS investigation (WS-SERES) of many 

wavelengths, also termed just surface enhanced Raman excitation 

spectroscopy (SERES), however, would have been preferable.11 Besides, 

thinking of real-world applications, it will be useful to perform a Fano-SERS 

study with a (large-scale) array of nanostructures. 

 

  

                                                           
11 The late Richard Van Duyne (2017) has recently emphasised the importance of multi-wavelength 
experimental SERS studies [110]. 
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3.2. Preparatory experiments 

3.2.1. Fabrication and geometrical characterisation 

The bare nanodome substrates were fabricated via a three-step soft nano-

imprint lithography (NIL) process, outlined in Figure 3-9(a) and in ref. [31]. A 

nanostructured silicon wafer substrate patterned by electron beam 

lithography is used to produce a topographically inverted 

polydimethylsiloxane (PDMS) sub-master template. The sub-master is 

depressed into soft, photocurable polyurethane (PU) (refractive index ≈ 1.5), 

which is subsequently hardened by exposure to ultraviolet (UV) light. The 

PDMS stamp is then removed to reveal the hardened PU domes, which have 

relaxed to those with a more rounded vertical profile during the photocuring 

stage before gold is deposited on top.12 Having a continuous gold layer can 

                                                           
12 Nanoimprint lithography (NIL) falls out of the bounds of conventional lithography techniques being 

an embossing and moulding approach to nanofabrication. A mould can be fabricated via a 
conventional lithographic technique, photolithography or e-beam lithography, and the transfer of the 
resist patterns to silicon or quartz. Although features at 20 nm may be achieved via moulds with the 
best mechanical properties, expense in creating these moulds and indeed their short lifetimes, 
renders the process at current  commercially infeasible [111,112]. In addition, defects are often found 

Figure 3-11. (previous page) Characterisation of nanodome profile.  

 

(a)(i) SEM micrograph (at 52° from normal to the surface) of cross section of 

nanodome array. Outset: regions of dome profile numbered. Number of 

measurements, n, is labelled (ii) Mean thicknesses for regions defined in (a)(i) 

outset (primary y-axis). 

 

(b)(i) Schematic for nanodome interfacial radii of curvature (RoC), dome height, 

and base measurements. (ii) Mean RoC for four different interfaces highlighted in 

(b)(i): that for the bottom corner gold-polyurethane (blue circle and bar), bottom 

corner air-gold (green), top corner gold-polyurethane (purple), and top corner air-

gold interface (red). (iii) Mean nanodome heights and base widths. 

 

Black bars are ± one standard deviation. Secondary y-axis shows percentage 

relative standard deviation (blue dots). 
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result in significant enhancements in a SERS system relying on LSPs (only), 

and Bryche (2016) reports on this for up to an order of magnitude increase for 

30 nm gold-covered nanodisks and bars at multiple wavelengths [72]. In our 

study, the continuity of the top gold layer is essential for the support of SPP 

modes. Previously, we have studied the resistivity of gold films straddling the 

boundary between continuity and discontinuity [73]. 

 

Nanodomes’ cross-sections were obtained via a focused ion beam (FIB) 

milling method with an eye on minimising polymer deformation and hence 

achieving fidelity in subsequent numerical modelling.13 As reported in the 

literature, the FIB cross-sectioning process with polymer is non-trivial due to 

the low conductivity, k, of polymers and hence intense local heating effects 

[74,75]. The PU has a thermal conductivity ≈ 0.02 W/m.K [76], comparable to 

air and around ten thousand times smaller than for metals.  Other material 

thermal conductivities are given in Figure 3-10(d) from refs. [77,78]. Initial 

efforts focused on (unsuccessful) attempts to image the nanostructures 

                                                           
due to air bubbles becoming trapped in the mould. Thus far, the process has mainly found use in 
making simpler devices, of a few layers, within electrics, optics, photonics etc. [112]. The moulds used 
in the nanodome fabrication here clearly produce features that are on a much larger scale and have 
greater durability. 

Lan and Ding (2010) outline the two major NIL techniques, thermal nanoimprint lithography (T-NIL) 
(same as hot embossing lithography [HEL]) and UV-based nanoimprint lithography (UV-NIL). The 
difference between the two approaches is that while T-NIL uses a thermoplastic polymer resist, UV-
NIL utilises a UV-curable liquid photopolymer resulting in the advantage of operation at room 
temperature and moderate pressure. T-NIL, however, remains the most economical method owing to 
less restriction on mould material [112,113]. 

 
13 A 52° blanket correction was applied to measured gold thicknesses apart from those at the dome 
sides. This leads to an exaggeration of the thickness of the gold at the bottom and top corners 
(because the is a component of the thickness in the lateral x-direction). In retrospect, it may have 
been better to calculate these thicknesses more accurately (given the time invested in interrogating 
the structures via SEM) but nevertheless the estimated values serve as a good approximation. 
Moreover, this FEM geometry is a useful contrast to a later FDTD model, where the gold layer is 
uniform. 
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without additional protective coatings and through lamella14 production and 

subsequent transmission electron microscopy (TEM) analysis (Figure 3-10(c)). 

Consequently, the nanodomes were coated in carbon (k = 60.5 W/m.K at 20°C), 

as in ref. [74], to provide suitable contrast with the initial 60 nm sputtered gold 

layer directly on top of the domes while retaining useful conductivity, 

necessary to dissipate the high energy applied during the FIB milling process. 

As a further protective layer, another 60 nm gold layer (k = 317 W/m.K at 20°C) 

[74] and, as is also common in FIB milling, a tungsten layer (k = 159 W/m.K at 

20°C) of approximately 1 μm on top, were added [77]. Most of this protection 

appears to have been removed during milling but for a thin dark carbon layer 

(≈ 50 nm) which remained (Figure 3-11(a)(i)). Ultimately, the dome geometry 

was probed via scanning electron microscopy (SEM) images from regular 

trench milling, rather than through lamellas and TEM analysis, at 30 kV and 

with beam currents of 9 nA and 90 pA. The exposed nanodomes were then 

etched with a light 30 kV, 46 pA current to reveal the cross-section. Knowledge 

of the period from initial fabrication and subsequent confirmation via bird’s 

                                                           
14 A thin, plate-like layer of material, common in biological contexts, but here referring to a sub-100 
nm thick section suitable for transmission electron microscopy (TEM) analysis. 

Figure 3-12. Polyurethane slumping analysis. (a) SEM micrograph (52° from the 

normal to the surface) close-up of nanodome. (b) Estimating the amount of 

polyurethane that has slumped from top to bottom along the dome edges (blue 

triangle slices) and at the four corners (red cone). 
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eye SEM images allowed a determination of the approach angle; in our case, 

approximately 18° to the horizontal.  

 

The maintenance of the square vertical profile in the cross-section, akin to the 

sub-master template, is suggestive of minimal deformation to the domes. A 

relatively small radius of curvature (RoC) for the upper corner gold-

polyurethane interface (Figure 3-11(b)(i)(ii): purple interface ‘4’) indicates the 

nanostructures retain more of their square vertical profile than may have been 

originally anticipated [31].15 Secondly, the relatively small percentage relative 

standard deviation (%RSD) for the lower gold-polyurethane interface (Figure 

3-11(b)(i)(ii) blue region, ‘2’) indicates that there may not be as much of a 

problem with reproducing dome geometry. However, the consistency from 

batch-to-batch is still in question, and a subsequent study of the geometric 

properties in a different nanodome sample would be useful as a comparator. 

SEM images of the metallised structures were also attained to confirm 

nanodome periodicities were as prescribed. 

 

𝑻𝒕𝒐𝒑~ 
(
𝒍𝟏𝒍𝟐
𝟐  ×  𝟒𝒍𝟑) + (

𝟏
𝟑  𝝅𝒍𝟏

𝟐𝒍𝟐)

𝒍𝟑
𝟐                                     (3.6) 

 

A facile analysis of the amount of excess PU at the dome bottom corners, the 

slumping material or ‘slumpage’, (Figure 3-12) suggests that ~ 5 nm of ‘height’ 

(Ttop, Equation 3.6) may have relaxed during the fabrication process to produce 

                                                           
15 Some AFM topography on the structures has suggested heights close to 200 nm (without metal 
covering). At the time, this data was discarded due to concerns over accuracy of the AFM. However, 
it may point to a significant variation in dome heights (owing to different ‘depression pressures’ 
and/or air gaps when fabricating the structures) across different samples. The templates have a 
height of 220 nm. 
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the rounded features at the dome bottom corners. In addition, there has been 

some lateral spread in nanodome shape. However, this may not fully explain 

the reduced height observed, around 150 nm (the sub-master is 220 nm 

height).  Therefore, it may be that there is still some deformation to the 

structures during the cross-sectioning process, or more likely, that the sub-

master is not fully depressed during fabrication, leaving a small air gap. 

 

In the context of SPR biosensing, McPhillips (2011) briefly comments on the 

effect of height changes on the LSP resonance position, experimentally 

observing a spectral shift (as well significant differences in width) of circa 45 

nm between nanodomes of height 150 nm and 175 nm (periods 300 nm and 30 

nm gold thickness) [31]. However, when the period was increased to 400 nm, 

and 150 nm and 175 nm height nanodomes were compared, this spectra shift 

was much less prominent at circa 10 nm, albeit the extinction peak is reported 

Figure 3-13. Longevity study on 18-month old fabricated (newly metallised) 

nanodomes. (a) Transmittance measurements on a 60 nm sputtered gold 700 nm 

period nanodome sample over the initial three weeks following metallisation and 

then again in week 12. (b) Comparison of spectra from week 0 (dark blue) and 

week 3 (light blue). Kink in week 12 spectrum is probably a minor angular 

misalignment rather than a degradation effect. 
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as almost twice as large for the 175 nm height sample. Assurance in the 

constancy of nanodome height is hence desirable.  

 

3.2.2. Longevity 

Although there is some variation in the polyurethane shape in the fabrication 

step (Figure 3-11), the nanodomes display remarkable longevity post-

fabrication, maintaining their structure. Figure 3-13 displays experimental far-

field transmission data from nanodomes kept in ambient storage 

(unmetallised) for approximately 18 months from the fabrication date and 

yields spectra similar to that from freshly prepared domes. Further, the 

sharpness in the spectrum appears to remain over the first few months post-

metallisation.16 Other transmission spectra on nanodomes that have been 

(gold) metallised at the outset and kept in ambient storage for approximately 

24 months show broader features as well as some missing SPP peaks in 

experimental far-field transmission (not shown). Therefore, it is the 

degradation of the gold that is the main limiter in the lifetime of the structures. 

This is visible in the Queen’s labs where (sputtered) planar gold (~  50 nm) has 

been noted to become ~  2.5 – 4× rougher (root mean square) over a four week 

period.17 If the structures were to be made commercially available, it would 

then be promising to provide an unmetallised purchase option from the 

vendor in the interest of lifetime extension.18 The odd shape of this peak (700 

nm period) is discussed subsequently. 

                                                           
16 As a comparator, a leading commercial SERS substrate appeared to lose ~ 30% signal intensity 
over the course of five days when kept in ambient (QUB labs, study with ammonium nitrate). 
 
17 Despite maintaining its visible reflectivity. Measurements by X-ray reflectivity (XRR). 
 
18 Natan (2005) has proposed a decrease of 20% in SERS signal intensity over the course of one 
month is acceptable for SERS substrates in analytical applications [114]. This, and other 
requirements are discussed extensively by Procházka (2015) [5]. It may be that lifetime issues are 
the chief concern of some within the sensing community. Vibrational spectroscopy and analytics 
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3.2.3. Other experimental details 

2 μL drops of Rhodamine 6G (R6G) and Crystal Violet (CV) dye were applied 

to the nanodome substrates via micropipette and left to dry. Dye 

concentrations of 2 μM or 6 μM were used.19 As elucidated in Chapter 2, 

(Section 2.5., ‘Enhancement Factor Calculation’) a version of the Total SERS EF 

equation [79] has been used to evaluate nanodome substrate performance.20  

                                                           
expert Martin Kraft, Head of the Photonic Systems research at Carinthian Tech Research AG (CAR), 
Austria, suggests this is indeed the case [115]. 
 
19 In drop-cast experiments, specific dye concentration and some volume combinations can have a 
significant effect on the SERS EFs measured. This is discussed in Chapter 4 in the context of leaning 
nanopillar substrates in SERS (see Chapter 4, Section 4.5.4). 
 
20 Notes on reference Raman spectra from planar metal substrates. Dawson (2011) takes a CV 

reference from a planar silver film; however, the meaningfulness of the data is questionable seeing 

that theoretical planar silver films offer minimal, or indeed a slight quenching of the electric field, 

over the visible range. The same may be said for gold planar films [116]. The reason for this 

observation must then be an excess of CV dye applied, in which case represents the bulk dye 

Figure 3-14. SEM micrographs showing the result 

of capillary action drawing dye molecules towards 

the periphery of the applied drop area: the so-

called ‘coffee ring effect’. (a) The nanodome 

structures do little to retard the progress of the dye 

molecules towards the perimeter and (b) the edge 

is (surprisingly) well-defined. 
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Preferential localisation of dye molecules around dome bases has been noted 

in the SEM survey, but this effect is not believed to be ubiquitous, instead, the 

molecular distribution is expected to conform to the normative radial 

distribution associated with the capillary action on a drying droplet (Figure 3-

14; see also Chapter 6, Section 6.3.2, ‘Analyte Inhomogeneities’, Figure 6-4). 

                                                           
(inherently, having a large Raman cross-section) and not the substrate is being sampled. 

Alternatively there may be notable roughness on the substrate. It is unclear how large the asperities 

would need to be to support surface plasmon-polariton modes and furthermore it may be unfair to 

compare to the roughness for a film deposited onto nanostructures (where the geometry affects the 

smoothness of the deposition). 

In earlier work Dawson (1991) studied the effect of metal grain size on SERS in a silver film 

concluding that an increase in grain boundary density resulted in increased plasmonic elastic 

scattering (and lower SERS signal). Whilst the exact extent of (STM-measured) roughness on these 

minimally roughened silver films did not appear to have much of an impact on the SERS signal from 

the benzoic acid (C7H6O2) probe molecule, roughening was required to achieve any signal (via an 

underlayer of calcium difluoride [CaF2] [on glass]) [117]. 

 

Figure 3-15. Sample hydrophobicity as a function of dome 

period (500 nm – 800 nm) via analysis of the dried dye spot 

area (all approximately circular). Statistics for data set are top 

right. Disregarding 800 nm domes sample these values become: 

x̄ = 4.9, σ = 0.36, RSD = 7%. 
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3.2.4. Hydrophobicity 

It is well known that nanostructures can affect the hydrophobic response of a 

surface [80]. The phenomenon is discussed in Chapter 4, in which it appears 

to play a critical role in the observed SERS EFs. Here, it is believed to play 

much less of a part, but it does affect the size of the dried drop-casted spot: the 

approximately circular area of molecular deposition.21 Whilst this area is 

accounted for in subsequent calculations, smaller areas, induced by a more 

hydrophobic solution-surface interaction, may produce more evenly 

distributed molecular patterns. This is attributed to the faster drying time of 

the drop (see Chapter 6, Equation 6.1), which has a larger solution-air interface 

surface area exposed. The critical short-range nature of SERS means that 

multilayers, forming as well-defined ‘coffee rings’ at the dried area periphery, 

can severely impact the Raman signals observed (compromising EF 

calculations). 

 

For the nanodome samples, the hydrophobic response can be characterised by 

the dried area of molecular coverage (Figure 3-15), however typically in such 

studies, the contact angle is recorded, normally with a goniometer. The dried 

spot, however, is believed to be correlated with this value except in special 

circumstances.22 Recently, Guicheteau (2017) proposes that drop-casting 

should be considered to be at the lower echelon of analytical measurements in 

SERS, offering much more of a ballpark SERS EF figure of the performance of 

any SERS substrate, with the main selling point instead being quick and easy 

                                                           
21 The variation in dried spot area for the seven nanodome samples is comparatively little, especially 
if the 800 nm period sample is emitted from the analysis. For a comparison, see nanopillars in 
Chapter 4, Figure 4-22(a). 
 
22 This is because the drop periphery is pinned at the outset. In Chapter 4, it may be the case that 
expulsion of an air gap among the nanostructures (nanopillars) in certain cases muddies the 
relationship between contact angle and dried analyte area (see Chapter 4, Section 4.5). 
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measurements [81]. Drop-casting is assessed in Chapter 6 in a brief discussion 

on meaningful comparisons in SERS studies (Figure 6-2). 

 

3.2.5. Correlative Raman Imaging and Scanning Electron Microscopy (RISE): 

Uniformity and reproducibility 

Correlative Raman-SEM measurements (RISE) have been recorded on a 750 

nm period nanodome sample at TESCAN s.r.o., Brno, Czech Republic, to 

study the uniformity of the structures on the microscale. The percentage 

relative standard deviation (%RSD) of the RISE data (Figure 3-16) however, 

should not be compared to that measured at the macro-scale, often with small 

NAs (and large collection areas), albeit such experimental uniformity 

measurements of SERS substrates are clearly an emergent property of the 

homogeneity on the scale of the RISE data here. A more useful comparison is 

to another RISE measurement (on the same scale) in the literature (blue dashed 

curve, Figure 3-16(a)(ii), representing data from Štolcová (2015a) [82,83]). 

These comparator nanostructures, roughened ‘nanocorals’, provide a 

significantly less uniform Raman signal. More comparative studies would be 

instructive. Also, the availability of more laser wavelengths (as well as the 

other dome periods) might help to illuminate the Fano interaction. 

 

It is difficult to dissociate inhomogeneity in molecular coverage from hot-

spots arising from defects, although it is reasonable to assume that the 

molecular coverage is mostly uniform over small areas such as the areas 

imaged in the RISE analysis (on the order of 10 µm2). This is a clear advantage 

of RISE: macroscopic uniformity measurements require a dipping or chemi-

adsorption (or chemisorption) approach to ensure large-scale molecular 

homogeneity across the surface. The relative uniformity of signal here hence 
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Figure 3-16. Correlative Raman Imaging and Scanning Electron Microscopy 

(RISE) analysis of 750 nm period nanodome substrates at 785 nm excitation, 

metallised with 60 nm gold (thermal evaporation) with 10 µM Rhodamine 6G 

(R6G) dye, polarised along x-axis in excitation (no analyser i.e. unpolarised in 

detection). 

 

(a)(i) Bird’s eye RISE image of nanodomes. (ii) Plot of number of pixels 

recording certain numbers of CCD counts of RISE image in (a)(i) for 

accumulated SERS intensity from R6G bands shown in Inset (1312 cm-1 and 

1364 cm-1). Blue dashed line in (a)(ii) is an approximate comparison with RISE 

measurements from a ‘nano-coral’ array in the literature (Štolcová, 2011). 

Domes were made with revised master where height is 200 nm (without 

metal). (b)(i)(ii) The same data as in (a) but for a different area on the sample.  

 

x,̄ Md and Mo represent the mean, median and modal values respectively, 

while σ and RSD are the (sample) standard deviation and percentage relative 

standard deviation. 
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has been taken a priori, which has been seen as reasonable given the control 

over fabrication conditions. However, further uniformity measurements are 

desirable. Dipping requires more time and careful calibration [81] whereas 

chemi-adsorption may mean that the analyte molecules (or required 

vibrational bands) are relatively far from the surface and thus experience a 

much lower enhancement. 

 

3.3. Core experiments and discussion 

Figure 3-17. Comparison of the raw SERS spectra (20 s integrated 

acquisition) for Crystal Violet (CV) from 700 nm period nanodome sample 

for different excitation wavelengths: 594 nm (grey line), 633 nm (red line), 

671 nm (blue line), and 692 nm (green line). Spectra for 594 nm, 633 nm 

and 671 nm multiplied by a factor of 10 due to relatively low signal (not 

necessarily low SERS enhancement).  

 

Spectra offset for clarity. Dashed vertical lines indicate key Raman-shifted 

bands (labelled). All spectra are manually flattened; this process does not 

work well where the fluorescent background is erratic across the spectrum, 

as for 671 nm here. 
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3.3.1. A comparison of near-field (SERS) and far-field (optics)  

As an introduction, Figure 3-17, shows SERS spectra for CV for four different 

excitation wavelengths, demonstrating different Raman intensities. At the low 

concentrations used, no signal is present without an enhancing substrate. 

While background subtraction has been applied to these spectra,23 clearly 

some background signal remains, most obviously in the 671 nm spectrum. In 

this initial data presentation, the marked increase in the signal for 692 nm 

excitation versus the other wavelengths is noted.  

 

The main experimental data is displayed in Figure 3-18, offering a comparison 

of the mean (measured via rastering across the drop-cast area) SERS EFs, as a 

function of excitation wavelength and nanodome period (Figure 3-18(a)), with 

far-field transmission data (Figure 3-18(b)(c)). As an initial inference, it is 

curious that the largest SERS EFs occur for larger nanodome periods in which 

the number of nanostructures (or areal increase over a planar film) being 

interrogated by the impinging photons is relatively low. 

 

At first inspection, the transmission data displays the SPP modes associated 

with the array as peaks, evidenced by their shift as the period spacing is 

altered, with the position at approximately the period spacing as expected 

[84,85]. Perhaps surprisingly, no trace of (isolated) LSPs are present, but it may 

be that their effect is small compared to that of the SPP, and hence they 

contribute very little to the (low levels of) transmitted light. This contention is 

                                                           
23 The fluorescence background is a well-known cohabitor with SERS spectra and may prove 

problematic when the enhancement is low (and thus swamped by fluorescence signal), especially true 
for excitation at shorter visible wavelengths. It is also the reason why many prefer laser wavelengths 
closer to the infra-red (IR) range for Raman. In our analysis of Raman peak heights for EF calculations, 
all background is removed before height measurement. 
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suggested by Holsgrove (2013), who studies analogous nanostructures, and 

reports a numerical ‘isolated structure transmittance’ that is around an order 

of magnitude smaller than the SPP observed generated via the array [70]. The 

p-polarised and s-polarised transmission data (at normal incidence) show 

similar spectra demonstrating the nanodomes’ homogeneity in terms of 

nanostructure geometry and periodicity (not shown). 

 

3.3.2. SERS enhancement by SPPs? 

At first inspection, the data might be seen to suggest that the near-fields 

generated (exclusively) by the SPPs at the air-gold (superstrate) interface are 

the main driver of the enhanced Raman signal. But why then are the EFs so 

low for 600 nm period at an excitation wavelength of 633 nm (where a primary 

transmission peak is intersected clearly)? It is noted that the primary 

transmission peaks move with changing period, indeed approximately 

tracking the period length lengths; hence they are fundamentally 

representative of the grating (array) plasmons excited. But care must be taken 

in this language used, however, because unless isolated they may be systemic 

features indicative of mixed plasmonic modes. Indeed, the varying shape of 

said peaks warrants further inspection. 

 

3.3.3. Spectral asymmetries 

Interestingly, it appears that the largest enhancement (nanodome period of 

700 nm at 692 nm excitation wavelength) corresponds to an excitation 

wavelength (vertical, grey dashed lines in Figure 3-19(b)) intersection with an 

asymmetry in the respective primary transmission peak (pink arrow on 700 

nm period turquoise line, Figure 3-19(b)). Hence, the laser line does not, in 

fact, overlap with the peak, but rather its proximal dip.  
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Figure 3-19. Selected data replotted from Figure 3-18 (60 nm gold 

nanodomes at normal incidence). (a) Averaged WS-SERES spectra for CV 

1617 cm-1 Raman band as function of dome period. Offset for clarity; each 

vertical axis division is 104. Partial horizontal, coloured dashed lines 

represent 0 EF. 

 

Experimental far-field (b) transmittance and (c) reflectance spectra. Offset 

for clarity; each vertical axis division in (b) and (c) is 5%. Arrows in (b) show 

‘primary’ (pink) and ‘secondary’ (black) transmission peaks. 

 

Vertical, grey dashed lines in (b) and (c) indicate excitation wavelengths at 

671 nm, 692 nm and 780 nm. Coloured vertical lines represent the 

theoretical (nearby) SPPs (Palik, 1998) at the air-gold superstrate interface 

for normal incidence. 
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The asymmetric profile of the 700 nm transmission peak has been verified in 

another transmission measurement (different system, different nanodome 

sample) in the longevity study in Figure 3-13 and in Figure 3-43: an off-normal 

incidence study to follow. This feature warrants explanation. Similarly, other 

asymmetries or unusual profiles are noticed in the primary transmittance 

peaks for other periods. The large SERS EF reported at 650 nm period, 692 nm 

excitation also will be discussed subsequently. Are these near-field and far-

field experiments indicative of Fano resonances? 

Figure 3-20. Mean SERS EF versus nanodome period 

(series are selected wavelengths). Solid lines indicate 

normalisation across all three wavelengths: 633 nm 

(blue), 671 nm (red), 692 nm (green). Dashed lines 

indicate normalisation within SERS EF data for a single 

wavelength. 

 

All data for 1617 cm-1 CV Raman band. Data extracted 

from Figure 3-18(a). 
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3.3.4. Further analysis and prospection 

Figure 3-20 replots a subset of the data in Figure 3-18(a) as a function of 

nanodome period (with excitation wavelength now as the series). The goal in 

Figure 3-20 is to analyse better the patterns associated with varying the 

excitation wavelengths and periods. 692 nm excitation performs relatively 

well in terms of SERS EF magnitude compared to other wavelengths, 

whatever the chosen nanodome period (comparing solid green data set [692 

nm excitation] to solid red [671 nm excitation] and blue data sets [633 nm 

excitation]). This is unusual because a planar gold film has a (monotonic, ≈ 

10%) decrease in local surface electric field enhancement between 633 nm and 

692 nm [8,86]. The increased Raman signal at 692 nm for 550 nm and 600 nm 

period nanodomes may be as a result of the interaction with the secondary 

(and more subtle) transmission peak (Figure 3-18(b)) to the blue side of the 

prominent primary transmission peak. This subsidiary feature appears more 

Figure 3-21. Experimental percentage reflectance data for 60 nm gold 

sputtered nanodomes derived from Figure 3-18(c). Blue circles indicate 

enhanced absorption at selected ‘Fano periods’. 
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prominent in the FDTD transmission data (Figure 3-29(a)). Contrariwise, the 

692 nm excitation line is far from any feature for nanodome periods of 500 nm, 

750 nm, and 800 nm, and the corresponding SERS signals are comparatively 

low. 

 

It may be assumed that this secondary transmission peak is associated with 

the finite-sized nature of the grating used (i.e. ≈ 200 nm × 200 nm × 150 nm 

domes) but it might also represent a Fano resonance: two coupled oscillators 

can produce two peaks if the coupling between the oscillators is strong enough 

(Section 3.5.3). Whether the Fano resonance is evidenced by two coupled 

peaks or distortions (or kinks)  in the primary transmission peaks will be 

discussed subsequently in the context of two analytical models. 

 

Qcube = 

(p2 − (
a2

4  × 4) + (
(a × b × 4) + (

a2

4 × 4))) × n

Aplanar
         (3.7)  

Qellipsoid ≈  
(

  
 
p2 − (

π(
a
2)
2

4  × 4) + 4π

(

 
2 × (

a
2 × b)

1.6

+ (
a2

4 )
1.6

3

)

 

1
1.6

)

  
 
× n

Aplanar
(3.8) 

Equation 3.7. The exact areal increase for an array of cuboids where a and b are 

the cuboid lengths as defined in Figure 3-22(a).  

 

Equation 3.8. The approximate increase in area for a semi-ellipsoidal model. a is 

the minor axes and b, the major axis. 

 

A is the area of the planar unit cell, n represents the number of nanostructures, 

and p is the centre nanostructure-to-nanostructure distance. 
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3.3.5. The low SERS performance of 780 nm excitation 

A higher enhancement for data at 780 nm excitation may have been expected: 

initial numerical modelling had suggested a proximal (system) localised dome 

resonance around 730 nm – 740 nm (invisible to the far-field) (Figure 3-50). 

However, this is not observed, suggesting 780 nm is far enough post-

resonance not to be impacted (as Figure 3-18(b) may suggest). Another 

possibility is that the higher power used at this wavelength may be deforming 

the polyurethane upon SERS measurement (despite rastering across the SERS 

active area during acquisition). The 780 nm data set was taken on a separate 

nanodome batch, which also raises concerns about geometrical differences. 

This is discussed subsequently.24 

 

3.3.6. The high SERS performance of 692 nm excitation 

Roughness around the dome bases may be of a range of sizes/shapes that 

support plasmonic gap modes best excited around 692 nm excitation. This is, 

however, unintuitive, the nature of roughness usually means plasmonic gap 

modes over a wide range of wavelengths are supported. Indeed, broadband 

SERS substrates have been designed on the principle of variation in 

nanoshapes supporting different plasmon energies [87]. A more likely 

explanation is that 692 nm is proximal to the isolated dome (LSP) resonance. 

This is investigated in numerical modelling to follow (Section 3.4). 

 

 

                                                           
24 In addition, other SERS results on this previous sample batch seemed to show a largest EF at 600 
nm period (and a relatively low SERS EF at 700 nm period). This may justify the omission of the 780 
nm data set here in this presentation. Repeating the 780 nm data may be appropriate. 
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3.3.7. The unexpected SERS success of 650 nm period 

A second observation is the universal success of 650 nm period nanodomes, 

displayed most clearly by comparing each wavelength data series normalised 

to their highest EF value: in Figure 3-20, the solid green line (672 nm 

excitation), dashed red (671 nm excitation) and dashed blue (633 nm 

excitation). The 650 nm primary transmission peak is approximately in the 

centre of the 633 nm – 692 nm range and therefore it may be simply that all 

three wavelengths benefit from the high local peaks associated with the SPP, 

Figure 3-22. Nanodome areal increase approximations: cubes and 

ellipsoids (a) An illustration of a ‘cube model’ for estimating 

nanodome areal increase. (b) Data table showing the areal 

increases for nanodomes modelled as cubes and hemi-ellipsoids for 

nanodome periods in the range 500 nm – 800 nm. Equations 

communicating the areal increase, Q, for both models are given as 

Equations 3.7 and 3.8. 
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of which the primary transmission peaks appear to be principally 

representative, at this point.25 

 

By no means does the above suggest no evidence of plasmon mixing at 650 

nm period. The percentage increase in EF from 600 nm period to 650 nm 

period at 671 nm excitation (around six-fold) is much larger than the 

corresponding percentage increase between the same periods at 692 nm 

excitation (around three-fold), and interestingly, a clear intersection of an 

oddity, a kink in the SPP transmission peak, is observed in the experimental 

far-field transmission for 650 nm dome period at 671 nm excitation. This 

additional EF increase requires additional explanation. 

 

3.3.8. Fano interactions? 

The remarkable data point, however, remains at 692 nm excitation for 700 nm 

period. Despite non-intersection with the primary transmission peak, this 

combination returns the largest SERS EF, 1.8 ×104 (CV 1617 cm-1 band). In 

addition, the comparably high SERS EF for 692 nm excitation and 650 nm 

period also warrants explanation. 

 

3.3.9. Experimental reflection 

The experimental reflection data (Figures 3-18(c), 3-19(c)) appears to represent 

the superstrate SPP positions (only). The points of least reflectance would 

seem to approximately match the transmission peaks as elucidated by the 

vertical lines in Figure 3-19(b) and (c). Then the observed reflectance 

                                                           
25 Hitherto undiscussed is the (important) effect of variation of de-excitation wavelength (analysis of 
EF as a function of different Raman bands). This is introduced with some numerical models in 
Section 3.8. 
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(minimum) magnitude should scale with the nanostructure density of the 

respective period. Indeed, this is apparent apart from periods of 650 nm and 

700 nm, which exhibit a disproportionately lowered reflectance (blue circles, 

Figure 3-21). This implies that the excitation for these periods is not merely of 

‘SPP character’. 

 

3.3.10. Enhancement Factor (EF) calculations and nanostructure packing 

density 

EF calculations here do not account for numbers or density (packing) of 

nanostructures as is the case elsewhere [8,37,41,79,88]. Bryche (2015) and Wei 

(2016) both report the largest enhancements for highest packing arrangements 

[37,41], as is intuitive. EF-areal corrections, as in Dawson (2011) [88], and in Le 

Ru (2009) [8], who proposes including the number of nanostructures in their 

Figure 3-23. A summary of COMSOL finite element method (FEM) and Lumerical 

finite-difference time-domain (FDTD) numerical models. The construction of the 

FDTD model (a)(i)(ii) and FEM model (b)(i)(ii). FDTD works better on blockier, less 

irregular models. 
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definition of ‘Total SERS EF’, would make little sense in this study seeing that 

the (proposed) cardinal enhancement mechanism does not depend on the 

number of nanostructures but a critical combination of nanostructure number, 

geometry, and array period. This is underlined by the largest enhancement 

resulting from an arrangement with approximately half as many structures as 

the most packed (500 nm dome period sample versus 700 nm dome period 

sample) (Figure 3-22). This result would be odd were it not for a more exotic 

mechanism leading to the enhancement. 

 

Furthermore, it is noted that the inter-nanostructure distances here are too 

large to allow any near-field coupling, as observed by Wei (2016), who reports 

a non-monotonic increase in SERS EF as the nanostructure period is decreased 

to coalescence [37]. This means that the LSP resonant wavelength should not 

change bar interaction with an SPP mode [89]. 

 

3.4. Numerical simulation: Finite Element (FEM) and Finite-Difference 

Time-Domain (FDTD) approaches 

3.4.1. Overview 

While analytical solutions are available for simple geometries, complex shapes 

tend to require a numerical strategy [90]. The former may be more reliable in 

highlighting all available plasmonic modes but relies on the electrostatic 

approximation, which requires that the wavelength of the exciting field does 

not change much (and hence the plasmonic charge configuration) over the 

space occupied by the nanostructure (limiting retardation effects). On the 

other hand, numerical models can ‘miss out’ optically inactive (or ‘dark’) 

plasmonic modes. Davis (2009), provides a useful analytical versus FDTD 

approach comparison for nanorods [91]. The geometrical complexity of the 
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nanostructures under investigation here requires a numerical method. The 

nanodome structures are modelled with COMSOL finite element method 

(FEM) and Lumerical finite-difference time-domain (FDTD) software 

packages, summarised in Figure 3-23. FDTD is an intuitive approach, 

involving a ‘marching’ or ‘leapfrog’ strategy whereby Maxwell’s equations are 

updated from discretised cell to cell, as communicated by Equations 3.9a and 

3.9b [92,93]. The FDTD-interrogated structure is embedded in a 2D or 3D array 

of these (square/cuboid) cells. The mathematics for FEM are much more 

abstract, involving the formulation of the weak form of (a partial differential 

equation [PDE] formulation) of the EM equations [94],26  but it permits an 

analysis of more arbitrary geometries (and resonant cavities) and provides 

more accurate near-fields [89,95].  

 

𝐸𝑥
𝑘|𝑡+∆𝑡 = 𝐸𝑥

𝑘|𝑡 + (−
𝑐0∆𝑡

휀𝑥𝑥
𝑘 )(

�̃�𝑦
𝑘|
𝑡+
∆𝑡
2
− �̃�𝑦

𝑘−1|
𝑡+
∆𝑡
2

∆𝑧
)                    (3.9𝑎) 

�̃�𝑥
𝑘|
𝑡+
∆𝑡
2
= �̃�𝑥

𝑘|
𝑡−
∆𝑡
2
+ (−

𝑐0∆𝑡

𝜇𝑥𝑥
𝑘 )(

𝐸𝑦
𝑘+1|𝑡 − 𝐸𝑦

𝑘|𝑡

∆𝑧
)                      (3.9𝑏) 

The nanodome geometry is prescribed by the findings described previously, 

accurately informing on values for height, width, array period and, where 

possible, gold thickness. Incorporating the exact curvature of the corners is 

                                                           
26 Involving a restating of the PDEs as integrals. 

Equation 3.9a. The value of the electric field E at a future time t + Δt may be 

calculated via consideration of the current E (at present time, t), in the same 

discretised cell, k, and the calculation of the magnetic field, H, difference between 

adjacent cells at future time t + (Δt/2). Similarly, H is calculated via Equation 9b. 

 

The tilde above H represents normalisation of the magnetic field because E and H 

are at very different amplitudes and this can cause computational problems. 
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difficult in any currently available model. The plasmonic response of 

nanodomes has been modelled previously in ref. [70], but there with a generic 

dome appearance without any input on the exact geometrical features. 

 

Initial FEM models make clear that 

the geometry induces an oblique 

LSP excitation at the top corners. 

This is, in fact, crucial because it 

permits potential coupling to the 

(surface) SPP excitation 

(orthogonally polarised plasmon-

polaritons, like other waves, 

cannot couple). 

 

 

3.4.2. Effect of molecular coverage on plasmonics 

A molecular dielectric layer has not been included in any model. The 

molecular coverage is designed to be sub-monolayer and thus should have a 

negligible effect on the plasmonic properties of the nanostructures. Optical 

transmission measurements performed on molecular pre- and post-

application samples show no noticeable change in peak positions. As the 

molecular layer becomes denser, the effect of a dielectric layer may need to be 

incorporated. For example, Ye (2012) reports up to 70 nm spectral redshifts 

(experimentally and numerically) for a Fano feature with the addition of a 

monolayer of para-mercaptoaniline (p-MA) to a heptamer system [62], and 

Dawson (2011) explores the effect of a modelled 1.5 RI to account for a CV dye 

Figure 3-24. FEM nanodome (700 nm 

period array) at 715 nm excitation in the 

x-z plane (cut symmetrically through 

corners) and Inset: x-y plane (z = 60 nm 

from air-gold superstrate interface). 
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layer, but there the nanostructures 

are experimentally ‘overdosed’ 

with analyte molecules [88]. 

 

3.4.3. Effect of substrate interface 

SPPs 

Initial SPP mode FEM simulations 

appeared to indicate the presence of a strong SPP mode at the gold-

polyurethane substrate interface around 700 nm. However, it may be 

unreasonable to assume that such a substrate excitation (in isolation) should 

have too much impact on SERS: a superstrate (or supra-state) phenomenon 

(Figure 3-2). Nevertheless, one substrate SPP mode is incorporated into a 

quasi-analytical model (Section 3.5.2). A better question may be to ask whether 

such superstrate and substrate SPPs could couple in the system under study 

(an insulator-metal-insulator [I-M-I] arrangement [96]), and how this might 

affect the plasmonic landscape in terms of superstrate electric fields (and 

SERS). This is a relatively recent thought in our studies and is not discussed 

further here but we think it warrants further consideration.27,28 

                                                           
27 The insulator-metal-insulator (I-M-I) or metal-insulator-metal (M-I-M) arrangements seem to have 
attracted recent attention in plasmonics judging by a cursory look at the literature record, which 
may serve as a path to concentrate electric fields at a (desired) surface.  
 
Early work has been performed by Dawson (1994) who investigated the experimental transmission 
via (multi-interface) SPP coupling in a corrugated silver-photoresist-silica set-up [118]. More 
recently, Refki (2016) has studied the anti-crossing behaviour of sub- and super-strate SPP modes in 
an M-I-M set-up [119] and recently, Zhao (2018), has looked at Fano resonances in an M-I-M and 
nanostructure-coupled arrangement [120]. 
 
28 In an interesting aside, Bouillard (2012) has shown how important the plasmonic coupling method 
across a thin boundary can be to the optical properties. In a temperature-varying study, a periodic 

Figure 3-25. (pages 109 – 111). 700 nm 

period nanodome FEM images in x-y 

plane (a)(i-xxii) at the air-gold 

(superstrate) interface (z = 0 nm), (b)(i-

xi) 5 nm above the interface, and (c)(i-

xxiv) 130 nm above the interface. (c)(xxi-

xxiv) show rescaled and zoomed in 

wavelengths (colour-coded) where 

electric fields are highest (at 130 nm). 

Wavelength range for all parts: 590 nm 

– 780 nm. 



Nanodomes and Fano resonances 

113 
 

3.4.4. Finite Element Methods (FEM) 

Top-down FEM stills for 700 nm period nanodomes from 580 nm – 780 nm 

excitation wavelength are presented in the three-part Figure 3-25: (a) at the (z-

plane) air-gold superstrate interface (z = 0 nm), as well as those at planes (b) 5 

nm (z = 5 nm) and (c) 130 nm (z = 130 nm) above this interface. Here, the 

spectral range of the respective (system) SPP and (system) LSP modes may be 

discerned.29 As indicated by the transmission spectra, the lighter blue surface 

bands (of the modelled electric field plots), corresponding to standing-wave 

SPP excitations, seem to peak in intensity between 680 nm and 720 nm. This is 

chiefly evident at the z = 5 nm and z = 130 nm planes (Figure 3-25(b)(c)). At the 

air-gold interface (Figure 3-25(a)), complex surface electric field arrangements 

are clear, which are likely indicators of plasmonic mixing.  

 

The ‘system LSP mode’, which when isolated does not present in any 

(noticeable) far-field spectra, appears to reach maximum intensity between 

720 nm and 740 nm in the system (z = 130 nm, Figure 3-25(c)) (although high 

electric fields are also present around nanodome top corners at 650 nm 

wavelength). This broad mode might be mistaken for a lightning rod effect, 

but perturbations to the SPP bands in panels (xiii) and (xiv) in Figure 3-25(a) 

suggest otherwise. This is instead LSP-SPP mode mixing and corresponds to 

the asymmetric dip (and largest SERS EF) in the far-field spectrum as is clear 

in Figure 3-27, which overlays FEM data with experimental data. Beyond these  

                                                           
grating showed a decreasing transmittance as temperature was decreased. A nanorod forest sample 
displayed the opposite trend. In short, this was as a result of the different plasmon-polaritons 
excited in each case, in the former, SPPs, and in the latter, LSPs [121]. 
 
29 Referring to LSP and SPP plasmonic modes in the system as isolated entities may be convenient in 
places but it can be misleading. The nano-system must be considered as an ensemble. This is clear 
from the FDTD data in Figure 3-32. 
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wavelengths, the system is clearly of ‘more LSP character’; indeed residual 

LSP excitation may be seen to extend well beyond 800 nm.30 This is also 

visualised in a 3D FEM presentation for z = 0 in Figure 3-26.  

 

3.4.5. Electric fields at the air-gold superstrate plane (z = 0 nm) 

Arguably, the surface electric fields (z = 0 nm) are of more relevance to SERS, 

assuming molecules are more likely to find themselves on the air-gold 

superstrate plane (and that SERS is a very short-range phenomenon). Here, 

the electric field patterns are associated with both the LSP and SPP due to the 

electric field patterns between 680 nm – 700 nm (Figure 3-25(a)) being 

perturbed beyond the expected profiles for the LSP and SPP respectively. It is 

clear with some of these arrangements why, then, there is a reduced signature 

in the far-field: the disruption to the SPP electric field profile hinders re-

radiation to the far-field by SPP decoupling. Notably, the strongest surface 

electric fields (z = 0) are found at 680 nm (Figure 3-26(b)), perhaps signifying 

optimal subradiance. FEM stills as a function of depth (z-position) are also 

plotted in Figure 3-28, showing relative constancy in the electric field 

distributions (z = 0 nm – z = 70 nm) . 

 

3.4.6. FEM-experiment quantitative discrepancy and extraction of simulated 

spectra 

In our FEM models, however, the extraction of useful ‘s-parameters’31 has 

proved difficult. This is unsatisfying and is as of yet not fully understood.  

                                                           
30 (Figure 3-25): the z = 0 nm and z = 5 nm planes are comparatively dark whereas the top corner LSP 
is relatively active beyond 730 nm wavelength (z = 130 nm). 
 
31 Simulated far-field transmission, reflection and absorption data. 
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Davis (2009) notes that ‘it is difficult to extract parameter relationships from 

numerical results’, as they offer a defence of using the electrostatic 

approximation32 in exploring the plasmonic modes of a nanorod geometry, 

even beyond the point where retardation effects might be expected to become 

prominent [91]. Other researchers have kept their numerical studies to simpler 

systems [15].   

 

The maximum approximate LFIEF observed in the FEM models is ~ 12, which 

leads to a maximum SERS EF estimation ~ 20,000 (E4). This is similar to the 

maximum experimentally observed values (1.8 ×104, CV 1617 cm-1 band; Figure 

3-18(a)) and hence will be much smaller if a mean surface field value is 

produced. 33 There could be a roughness effect, as is commonly ascribed. A 

discrepancy ~ 100× has been claimed previously by Holsgrove (2013) in an 

analysis of an analogous nanodome array [70] where an integration shell of 1 

nm was used over the entire structure. 

 

It may be that progressive FEM models, building up the array gradually from 

isolated structures, are needed to clarify errors. These are suggested in Section 

3.7.8. Holsgrove (2013) has investigated the optical response of (arrays of) 

simpler dome nanostructures (175 nm height, 100 nm diameter, 40 nm gold, 

generic dome geometry) in a short FEM analysis, producing sensible 

                                                           
32 The electrostatic approximation assumes that the external electric field acts similarly across the 
nanostructure i.e. that the nanostructure dimensions are much less than the wavelength of the 
exciting light. 
 
33 Shorter Raman-shifted bands have been studied experimentally (see Figure 3-51), giving EFs  
4 ×104 – 6 ×104. This is fairer if using the E4 approximation (theory).  
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theoretical transmission spectra. Thus, it would appear here that the added 

complexity of the bespoke nanodome geometry is at the root of the impasse. 

 

Figure 3-28. (a)-(h) FEM electric field plots showing 

plasmonic depth profile (z = 0 nm – 70 nm) at 690 nm 

excitation. 
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Despite these issues, the FEM model here gives a good qualitative story of the 

system evolution as excitation wavelength is changed. Now, a simpler FDTD 

model is studied. 

 

3.4.7. Finite-Difference Time-Domain models (FDTD) 

The FDTD model is much cruder (being more ‘blocky’) than its FEM 

counterpart (Figure 3-23) but the visuals are similar. Simulated FDTD  

Figure 3-29. A comparison of (a) FDTD modelled transmission and (b) 

experimental far-field transmission spectra for 60 nm gold-sputtered 

nanodomes. Offset for clarity; each vertical axis division is 2% in (a) and 5% in 

(b). Dashed vertical grey lines indicate excitation wavelengths at 594 nm, 633 

nm, 671 nm, 692 nm and 780 nm. (b) is identical to Figure 3-18(b) and is 

repeated for comparison’s sake. 

 

Black dashed arrow tracks primary transmission peak in (a), approximately 

corresponding to the theoretical m = -1 SPP position, and (b) a pink dashed arrow 

tracks the secondary transmission peak (a)(b), which is probably related to the 

finite size of the nanodomes. A third, flatter, SPP feature is also noted to the blue 

side of the peaks and is also postulated to relate to the large dome size.  
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(Lumerical FDTD Solutions Inc.) transmission data is shown in Figure 3-29(a) 

and is compared with the experimental transmission data (Figure 3-29(b): the 

same data as presented in Figure 3-18(b)).  

 

The main primary transmission peak spectral positions (black dash, Figure 3-

29(a)(b)), corresponding approximately to the respective theoretical m = -1 SPP 

spectral positions (Figure 3-2(a)), as a function of the nanodome period show 

an agreement within 30 nm between experimental and simulation (Figure 3-

30(a)). This is reasonable considering the relatively unrefined FDTD 

nanodome geometry (as well as perhaps some discrepancy in dome periods 

in fabrication34). The relative prominence of the gold interband transitions in 

                                                           
34 Facile SEM analysis suggests that this probably around the 1% mark. 
 

Figure 3-30. Nanodome transmission peak analysis. (a) Plot showing spectral 

dependence of primary transmission peaks for FDTD (red squares, dashed line) 

and experimental data (red circles, solid line) from Figure 3-29, as a function of 

nanodome period. Black crosses in (a) denote the theoretically calculated Bloch 

mode (m = -1) positions at the gold-air (superstrate) interface from Palik (1998) 

data (see Figure 3-2). (b) Same as (a) but for the secondary transmission peak 

(Figure 3-29). 
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the FDTD model is exaggerated. A disparity in transmission intensity may be 

explained by uncertainty in polyurethane thicknesses: experimental 

transmission variance between individual samples is noticed in 

measurements on naked domes (not shown).35  

 

The enhanced transmission of the secondary transmission peak (pink dash, 

Figure  3-29(a)(b)) is also evident in the FDTD spectra. As aforementioned, one 

interpretation of this feature, almost unnoticed in the experimental spectra, is 

that it is also an SPP feature, tracking the primary transmission peak as the 

                                                           
35 Arguably, this may also be determined through small undulations in (some, other) transmission 
data on the nanodome samples, which are indicative of cavity resonances (Fabry-Pérot resonance). 

Figure 3-31. A comparison of FDTD modelled and experimental reflection data. 

(a) FDTD simulated reflectance for nanodome periods from 600 nm – 800 nm 

and (b) experimental reflection data for 60 nm thermally evaporated nanodome 

structures from 500 nm – 800 nm period (NA = 0.10). (c) Optical images of 

colours observed for different nanodome periods. Vertical axis divisions in (a) 

and (b) are 10%. 
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nanodome period is altered. Figure 3-30 shows that there is a systematic-like 

10 nm – 30 nm discrepancy between experiment and these values. In this case, 

it is almost certainly as a result of the relatively large grating features (i.e. 

finite-sized nanodomes), which are comparable to the period spacings. A 

theoretical Bloch mode analysis (see Figure 3-2) does not predict any SPP 

modes at these points. Alternatively, it may represent LSP-SPP mode mixing 

where a strong coupling between the isolated oscillators can result in separate 

peaks (Figure 3-35(b)), i.e. the double peaks actually are representative of a 

Fano interaction. The interpretation of these spectral shapes is a key question. 

 

The FDTD-simulated (primary) transmission peaks for nanodome periods of 

750 nm and 800 nm are fairly symmetric, while those at periods of 600 nm and 

650 nm are seemingly swamped by the inflated interband transitions profile. 

The 700 nm period SPP peak in the FDTD transmission spectrum displays an 

unusual, squashed shape, which although different from the proposed Fano 

transparency in the experimental data (≈ 690 nm), may indicate plasmon-

mixing, but approximating the isolated SPP (ω1) and LSP (ω2) resonance 

apexes to be slightly closer together (see Figure 3-39, especially (e); ω1 = ω2 = 

1.00).36 

 

A comparison between FDTD-simulated reflection data and experimental 

data is made in Figure 3-31. Here, a much more gross discrepancy is present 

                                                           
36 As Mulholland (2013) highlights, in a similar 40 nm sputtered gold nanodome substrate study, the 
main transmission peak becomes sharper as the period increases [71]. We suggest that is probably 
related to the increasingly sparsely populated arrays better approximating an ‘ideal grating’ (i.e. the 
nanodome dimensions become increasingly small relative to the period). It is important to note that 
this effect will have an impact on the proposed Fano resonance with the linewidth of one of the 
constituent plasmonic oscillators changing. 
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 and is difficult to explain.37 Assuming, as is common knowledge, that the SPP 

resonance position should be around the same as the nanodome period 

(Wood, 1902) [84,85], as is the case in (all) the transmitted far-field data, it 

would seem that the error in reflection is with the model. In the experimental 

reflection data set the largest drop (from the projected baseline; not marked) 

occurs close to 700 nm spectrally for 700 nm period nanodomes, signifying the 

best in-coupling to the system at this point (see Figure 3-19(c)). 

                                                           
37 The set of nanodomes upon which the experimental reflection data was taken may have had 
slightly different geometric (nanodome shape and gold thickness) properties, relating to the size of 
the air gap between the sub-master mould and polyurethane during fabrication, but this does not 
account for the large discrepancy in the SPP peak positions. 

Figure 3-33. Spectral maximum and minimum position analysis of the 

FDTD electric field point data in Figure 3-32 for the main LFIEF peak 

(blue), lowest inter-peak point (red), and subsidiary resonance peak 

(green) (see Inset). Black crosses are theoretical Bloch mode positions 

at the air-gold interface (Palik,1998). 
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3.4.8. FDTD corner plot analysis 

While extracting accurate transmission and reflection parameters from the 

numerical models proves problematic, it may be that an analysis of some of 

the modelled near-fields provides some insight. This is provided by studying 

the FDTD generated enhanced electric fields near the nanodome top corners 

in Figure 3-32. This conveys that the ‘system LSP’ (ω2) peaks around 740 nm 

for the 700 nm nanodome period (pink arrow, Figure 3-32(a)). Looking at the 

spectral shift of this system LSP resonance as the period is altered, confirms 

its mixed mode nature: for despite the nanodome geometry remaining 

constant, the resonance apexes appear to move with the period from 751 nm 

± 5 nm at 650 nm period, to 844 nm ± 3 nm at 800 nm period, a shift of almost 

100 nm spectrally.38 Its spectral position and breadth are affected by the 

ensemble.39 Once again, it is useful to be reminded that while it may be 

convenient to dissect the system into LSP and SPP modes, there can be no 

formal justification of this: the system must be considered in its totality. That 

the nanodomes actually support a secondary system LSP resonance (at lower 

wavelengths) is furthermore apparent (orange arrow, Figure 3-32(a)).40  

 

                                                           
38 In addition, that the resonance does not align with the SPP excitation (Figure 3-33) may indicate 
that plasmonic mixing is occurring, i.e. the resonance cannot be purely indicative of the SPP. 
 
39 Arguably implicit in the Fano literature is that the transition from isolated structures to arrays 
useful for ‘real-world’ analytics is seamless, as evidenced by the overwhelming focus on isolated 
structures (or ‘small sets of structures’). However, large scale arrays of structures may have very 
different properties, via inter-nanostructure plasmonic coupling (even when SPPs are not involved). 
One option would be to increase the nanostructure spacing until adjacent structures are non-
interacting, but this will reduce substrate sensitivity. 
 
40 Alternatively, it may be more correct to think of the LSP as one very broad peak with an SPP-
induced (Fano) dip. Supporting this is the relatively unperturbed 600 nm spectrum in Figure 3-32 
(solid yellow line). 
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The data in Figure 3-32(a) is consistent with the FEM narrative (Figure 3-

32(b)(i-iii)). It is reassuring that despite model differences, the story is similar. 

Notably, however, the projected EFs (E4 approximation) in Figure 3-32 are 

much larger, at up to 1011, than the maximum fields observed in the FEM data. 

Electric fields up to 1011 at a single point may actually be fairly sensible, 

meaning that the averaged (experimentally measured) EFs of around 104 – 105 

could be expected. Figure 3-32 also plots the estimated SERS EF for small-

shifted Raman bands (E4 approximation) (dotted lines, Figure 3-32(a)). Again, 

this projects the maximum SERS EFs (at the specified point in space) due to the 

LSP-like system resonance.  

 

Figure 3-34. Summary of evidence for Fano resonance in 

700 nm period nanodomes. (a) Electric field profiles of 

domes at (i) z = 0 nm and (ii) z = 130 nm planes (from 

Figure 3-25). (b) Experimental transmission peak profile 

(from Figure 3-18). (c) LFIEF profile from FDTD point 

analysis (Figure 3-32). 
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All experimental SERS measurements are, of course, an average of all surface 

fields and thus EFs at any one point of the surface is an interesting, but largely 

academic, calculation. Additional electric field profiles, providing a more 

comprehensive picture of the plasmonic activity across the visible range 

would be desirable. Moreover, while complex electric field integration shells 

are not possible in Lumerical FDTD simulations, selected integration planes 

yet might provide more insight. It would be desirable to quantify the 

plasmonic interactions displayed in Figure 3-25(e)(f), for example. Counter-

intuitively, it appears that 690 nm spectrally aligns with a minimum in the 

LFIEF at 700 nm period (a point of large experimental SERS EF). At this 

juncture energy is being funnelled from the secondary system LSP resonance 

into the superstrate plane, causing the distortions in the field profile visible in 

the FEM model (Figure 3-32(b)(ii)). There is a misalignment with the 

theoretically predicted (Palik, 1998) superstrate SPP spectral position (black 

crosses, Figures 3-30(a) and 3-33). It is also useful to repeat the insight of 

Stockman (2010) as we suggest that the perturbed field distribution at this 

point does not ‘wastefully deplete’ near-field energy as it is an unfavourable 

plasmonic arrangement for out-coupling [26]. This idea is compounded by the 

FEM planar surface electric fields (z = 0 nm) in Figures 3-25(a) and 3-26 

previously. 

 

3.4.9. Summary to this point 

As a summary up to this point, the argument may be put as follows:  

 

1. The asymmetry in the transmission peak is unusual and at the sudden 

trough around 692 nm for a period of 700 nm, there must be something 

‘special going on’ in the nanosystem near-field. 
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2. In the near-field analysis at this point (FEM visuals and FDTD point 

analysis), the electric fields are perturbed; the SPP bands appear broken 

and energy shifted to elsewhere in the plane, and an LSP mode around 

dome top corners appears depleted. At other wavelengths, these 

distributions appear to be indicative of the independent, unadulterated 

LSP and superstrate SPP plasmonic modes. 

 

3. Plasmonic oscillations in anti-phase with one another do not abrogate 

the need for energy conservation and hence the energy is believed to 

stay in the near-field, which is beneficial for SERS. This may be for two 

reasons. First, rearranged, contorted, surface electric fields are less 

likely to re-radiate to the far-field and second, the energy is arguably 

more localised (see Chapter 1, Figure 1-18, ‘SERS Uncertainty 

Principle’). 

 

Some key images are gathered in Figure 3-34. 

 

3.4.10. SPP as the driving oscillator 

Perhaps the most important takeaway from the FDTD point field analysis at 

the nanodome top corners is that the respective LFIEF minima track the period 

(red data points, Figure 3-33) because this confirms that the SPP is the ‘driving 

oscillator’ in the system,41 which corrects a previously held misconception [70]. 

In the context of ellipsometric studies Kravets (2008) states,42 

                                                           
41 Indeed, the field intensity peaks becoming sharper as the period increases, may be as of a result of 
the sharpening SPP profiles at larger periods. Although this may also be simply as the result of the 
optical properties of gold. 
 
42 See also Section 3.9, which introduce some ellipsometric studies on nanodomes. 
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Figure 3-35. A classical analogue to Fano resonances: the (two) Coupled 

Oscillator Model (COM), where a periodic force is applied, and the oscillators 

have respective amplitudes c1 and c2 and isolated frequencies ω1 and ω2. The 

oscillators are connected by a coupling parameter, ν12. Γ1 and Γ2 are the 

respective oscillator dampings. The system schematic is in (a) and the resulting 

amplitude as a function of the driving frequency, ω, in (b). Also marked in (b) 

are the resulting system modes (peak positions), at ωS1 and ωS2. (c) plots the 

individual numerator and denominator terms of Equation 3-10a showing the 

offset minimum and maximum in the amplitude of the first oscillator (c1) as a 

function of ω. Inset: zoom-in of this region. The position of the isolated second 

oscillator resonance, ω2, is marked (purple arrow). 
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Therefore, if 𝜆R is close to the wavelength of LPR [localised plasmon 

resonance] for an individual nanoparticle one might hope to achieve strong 

transfer of energy from the incident beam into LP modes in a narrow 

wavelength range near a Wood anomaly [SPP/Bloch excitation] and hence 

obtain sharp plasmon resonances. In this case the nanoparticles array would 

generate a mixed mode of LP vibrations combined with the diffracted grazing 

wave [SPP] which will be resonantly excited by incident light. [85] 

 

This assumption of an SPP as the driving mode is made in the analytical 

models to follow. 

 

3.5. A classical Coupled Oscillator Model as an analogue to Fano resonances 

in hybridised plasmonic systems 

3.5.1. Explanation 

 

𝐶1(𝜔) = 𝐴𝐹
𝜔2
2 − 𝜔2 + iΓ2𝜔

(𝜔1
2 − 𝜔2 + iΓ1𝜔)(𝜔2

2 − 𝜔2 + iΓ2𝜔) − 𝜈12
2                   (3.10𝑎) 

 

𝐶2(𝜔) = −𝐴𝐹
𝜈12

(𝜔1
2 − 𝜔2 + iΓ1𝜔)(𝜔2

2 −𝜔2 + iΓ2𝜔) − 𝜈12
2                 (3.10𝑏) 

Equation 3.10a.  The behaviour of the driven oscillator (ω1) in a (two) coupled 

oscillator system as a function of a driving frequency, ω. AF is the Fano amplitude, 

ωj is the central frequency of oscillator j in the system, Γj is the complex width of 

the oscillator response, and ν12 is the Fano coupling parameter between the 

oscillators. i is the imaginary unit. 

 

Equation 3.10b. The equation for the second (coupled) oscillator (ω2) where the 

parameters are the same as for Equation 3.10a. 
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Joe (2006) presents a Coupled Oscillator Model (COM) as a classical analogue 

to Fano resonances [16]. This is now explored, starting with the two derived 

equations (3-10a and 3-10b) for the oscillator amplitudes. 

 

In a coupled oscillator system, there are two normal modes (eigenmodes), ωs1 

and ωs2: the oscillators can sway back and forth together or move in opposite 

directions. The performance of the first oscillator can be analysed (Equation 3-

10a). As expected, when ω = ω1 in Equation 3-10a43 the denominator goes to 

zero, resulting in a large (first) oscillator amplitude, c1, mitigated by non-zero 

damping (as in all real systems) as represented by the imaginary component. 

At ω = ω2, the scenario is more interesting, as both the numerator and 

denominator have terms involving ω2, which will go near to zero at a 

frequency of ω2, the natural frequency of the second oscillator. There is, 

however, a small offset between the numerator and denominator, mediated 

by the coupling constant, ν12. This produces a proximal minimum and 

maximum in the first oscillator amplitude around ω2: a Fano resonance 

(Figure 3-35(c), Inset). The second oscillator quenches the amplitude of the 

first oscillator at this point via back-coupling into the first oscillator. The 

amplitude of the first oscillator around ω2 can be highly asymmetric 

(whenever the frictional term is small and the resonant positions, ω1 and ω2 

are nearby, resulting from the quick spectral transition from a minimum to a 

maximum amplitude). These ideas are communicated by Figure 3-35, where 

the resonant oscillator positions are comparable and dampings relatively 

small. It may be interesting to interpret the nanodome reflection spectra via 

the COM in the form of a ‘quasi-analytical model’ (QAM). 

 

                                                           
43 i.e. the driving frequency equals the natural frequency of the first oscillator. 
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Quasi-analytical model equations 

 

 

kair =
𝜔

𝑐
√εd 𝑠𝑖𝑛𝛳 (3.11a) 

(often kair =
𝜔

𝑐
[= k0] as εd ≈ 1 and sinϴ = 1 for normal incidence. 

k0 is the free-space wavevector) 

(angle dependent dispersion relation in air) 

 

 

 

kSPP(x) =
𝜔

𝑐
√
εmεd

εm + εd
 

(surface plasmon-polariton dispersion relation in x-direction at 

metal-dielectric interface) 

 

(3.11b) 

 

  

kSPP(grating) = k0√
εAuεd

εAu + εd
± p

2π

Dx
�̂� ± q

2π

Dy
�̂� 

(3.11c) 

where p, q = 1, 2, 3, … (grating orders) in x and y directions 

(as in 3.11b but with additional momentum components from 

grating, x- and y- directions) 

 

 

 

 

 

kair(x) = kSPP(x)(grating) 

(matching condition, x-direction) 

(3.11d) 

 

 

 

 

𝐹(𝜔) = 𝐴𝐹
𝜔2
2 − 𝜔2 + iΓ2𝜔

(𝜔1
2 − 𝜔2 + iΓ1𝜔)(𝜔2

2 − 𝜔2 + iΓ2𝜔) − 𝜈12
2  

(3.12) 

‘The Fano Equation’. The amplitude of the first (driven) 

oscillator in a classical two-oscillator coupled system 
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𝐿(𝜔) =
𝐴𝐿
2𝜋

Γ

(𝜔 − 𝜔3 𝑜𝑟 4)2 +
1
4
Γ𝑗
2
 

(3.13) 

where L(𝜔) is used for both interband (Linterband) and Bloch 

(LBloch) modes. 

 

The Lorentzian equation 

 

 

Atotal = F(ω) + Linterband(ω) + LBloch(ω) (3.14) 

Total absorbance fit equation 

 

 

𝑆(𝛽) =∑𝑟𝑖
2

𝑚

𝑖=1

(𝛽) 

Non-linear least squares fit equation (Gauss-Newton method) 

 

(3.15) 

 

 

 

Equations 3.11a-d. Dispersion relations including grating coupling equations 

(descriptors in red). kSPP and kair are the respective wavevectors for light in air and 

a surface plasmon-polariton. k0 is the free-space wavevector. θ is the incident 

angle, εm/Au and εd are the complex permittivities of the metal/gold and adjacent 

dielectric, respectively. Dx/y is the grating period in x- or y-directions.  
 

Equations 3.12, 3.13. AF/L is the Fano or Lorentzian amplitude. ωj is the central 

frequency of oscillator j in the system, Γj is the width of the oscillator response, 

and ν12 is the Fano coupling parameter between the oscillators. ω is the driving 

angular frequency. The equations represent the Fano function (classical analogy 

of coupled oscillators) and a Lorentzian for the gold interband transitions, 

respectively. i is the imaginary unit. 

 

Equation 3.14 shows the total Fano fit, summing Equation 3.12 and the interband 

transition and substrate Bloch mode Lorentzians (Equation 3.13). 
 

Equation 3.15. The Gauss-Newton non-linear least square fit. With m functions, r, 

(r1, r2 … rm) and n variables, β, (β1, β2… βn) the sum of the squares of the functions 

are minimised iteratively, returning the corresponding variables. 
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3.5.2. A Quasi-Analytical Model (QAM) 

To illuminate the positions of the SPP and LSP nanodome modes participating 

in each Fano mode unequivocally, a ‘quasi-analytic’ solver can be used as an 

alternative strategy. The QAM method does not return these parameters a 

priori as a strictly analytical model would, but rather uses the experimentally 

determined absorption data44,45 (Figure 3-36) to fit the Fano function (COM 

model, Equation 3.12) [16] and the s-d shell interband transitions for gold  

                                                           
44 The experimental reflection data in Figure 3-31(b) is used for absorption estimation (i.e. 1 - R). 
Note, this is taken from different nanodome samples with likely a discrepancy in geometry and 
metallisation thickness profile. For reference, the maximum calculated absorbance at 700 nm period 
is approximately 89%. If the small transmission component were to be included (3 – 4 %) then this 
figure might be estimated as 92 – 93 %. An alternative is to feed-in data from the FDTD model and 
this may be explored elsewhere. 
 
45 In other words, the fit involves no solving of partial differential equations (PDEs) and returns no 
absorption coefficients, instead using existing spectral data. 

Figure 3-36. Absorbance, approximated as ‘1 minus 

reflection’ from experimental data in Figure 3-31(b). Each 

vertical division is 10%. 
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Figure 3-37. (a)-(e) Non-linear least squares (NLS) fits (solid blue 

line) via the Gauss-Newton method, for dome periods from 600 

nm – 800 nm, to percentage absorbance data from Figure 3-36. Fit 

constituents are represented by dashed lines and include that from 

the Fano equation (purple dash), interband transition (green dash), 

and one substrate SPP/Bloch mode (brown dash).  

 

Calculated Bloch modes are superstrate (green vertical lines) and 

substrate (purple vertical lines) interfaces (Palik, 1998). 
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(Lorentzian fit). The Fano function and Lorentzians (Equations 3.11 – 3.15) are 

oscillator strengths and do not provide absorption (coefficients) a priori, but 

estimate relative intensities based on the fitting. The fits are achieved via a 

non-linear least squares (NLS) algorithm, specifically the Gauss-Newton 

method, in R code.46 One other SPP mode is included to account for the 

possible contribution from a substrate excitation associated with the gold- 

  

                                                           
46 ‘R’ is a free programming language supported by The R Foundation for Statistical Computing (r-
project.org). 

Figure 3-38. Extracted QAM (NLS fit) model values for the 

(superstrate) grating SPP/Bloch mode (λ1) at the air-gold 

interface (green triangles) and nanodome LSP (λ2) (red circles) 

resonant positions for dome periods from 650 nm – 800 nm 

(primary y-axis). Secondary y-axis displays values for the 

coupling parameter, ν12 (blue squares). Theoretically 

calculated Bloch gold-air (superstrate) interface positions 

represented as black crosses (Palik, 1998) [122]. 
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polyurethane interface. As McCarron (2013) notes, ‘…for thin metal films in 

which the periodic defects perforate fully, surface plasmons on upper and 

lower boundaries can be excited’ [96]. The QAM therefore combines four 

oscillators, namely: 

 

1. The SPP (Bloch mode) at the air/gold superstrate interface (ω1, Γ1) 

2. The LSP of the nanodomes (ω2, Γ2) 

3. One SPP (Bloch mode) at the gold/PU substrate interface (ω3, Γ3) 

4. The interband transitions associated with gold (ω4, Γ4) 

 

Starting values for the solver must be prescribed (arbitrarily). The spectral 

positions of the superstrate (gold-air interface) SPP modes for each specific 

sample period are calculated and retained as a starting point for the solver (as 

well as one substrate [polyurethane-gold interface] SPP mode). The other 

parameters need to be set arbitrarily, and success is judged on the visual fits 

(Figure 3-37).  

 

Extracted parameters are plotted in Figure 3-38.47 The pattern of spectral 

positions for the (isolated) SPP (ω1) and (isolated) LSP (ω2) modes are fairly 

sensible. The SPP tracks the nanodome period, albeit with discrepancy; for 

example, the 800 nm period returns an SPP position ≈ 870 nm. The LSP 

position is much less affected by period, at a position between 780 nm and 810 

nm over the 650 nm – 800 nm period range. Each individual fit needs to be 

                                                           
47 λ1 and λ2, as in Equation 3.12 (where ω1 and ω2 are used), describe the resonant positions of the 
isolated SPP (driven oscillator) and isolated LSP respectively. The collective ‘system’ normal modes 
(or eigenmodes) can be written as λS1 (ωS1) and λS2 (ωS2) (system eignefreuqencies) [16]. See Figure 3-
35. 
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evaluated on its own merit. For example, the fits for 600 nm, 750 nm and 800 

nm period in Figure 3-37(a)(d)(e) can be adjudged sensible, a priori. 

Contrariwise, the exaggerated substrate SPP contribution for 650 nm period  

in Figure 3-37(b) and unusual substrate SPP spectral placement (far from the 

starting value) for 700 nm period in part (c) should be held with suspicion. 

 

The FDTD point analysis (Figure 3-32(a)) has suggested that the SPP is the 

main driver. Nevertheless, it may be more accurate to describe the system with 

both modes driven more comparably by the impinging light, but this will 

require a much more complex mathematical description. This consideration is 

not an issue in other Fano plasmonic systems, which deal with dark and bright 

LSP plasmonic modes, as in ref. [59], where it is clear that it is that the optically 

active LSP mode being excited primarily in the system.  

 

Implicit in the QAM analysis is that the experimental absorbance spectra 

actually represent the Fano resonance, where a relatively large coupling 

between the oscillators causes the appearance of two peaks and large spacings. 

Hence, it may also be useful to study the Fano Equation (3.12) in isolation, 

assuming lesser coupling and more considerable spectral overlap between 

resonances and then making comparisons with the nanodome transmission 

data in a purely visual cross-comparison. This entails a review of the 

experimental transmission data presented in Figure 3-29(b) in a ‘weakly 

coupled Coupled Oscillator Model’ (wc-COM). 
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Figure 3-39. (a)-(d) COM plots for a constant relative oscillator damping 

term (Γ1/Γ2) of 0.4. ω1 is varied between 0.9 and 1.1 relative frequency (ω2 

set at 1). (a)-(d) show coupling spectra as a function of the coupling constant, 

ν12, between 0.06 and 0.12 (purple plots). (e)-(h) Same as (a)-(d) but with a 

relative oscillator damping (Γ1/Γ2) of 0.6 (orange plots). 
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3.5.3. Weakly coupled Coupled Oscillator Model (wc-COM) 

Figure 3-39 shows plots of the spectral profile for a two-coupled oscillator 

system, as described schematically in Figure 3-35, varying the relative position 

of the two resonances, ω1 and ω2. This performed for a series of relatively small 

values of the coupling constant between the oscillators, ν12, and for two 

different relative oscillator dampings (Γ1/Γ2) in Figure 3-39(a)-(d) and (e)-(h) 

(purple and orange plots respectively). This is difficult to estimate, but it is 

sensible to assume that the SPP resonance is much narrower than the LSP and 

this is consistent with numerical modelling (Figure 3-25). The nanodome data 

may also now be interpreted via considering these spectral patterns. As with 

the QAM, the grating SPP/Bloch excitation is assigned the driving oscillator. 

 

As aforementioned, the LSP does not appear in the experimental far-field data 

in our own study as an isolated feature (as it seems to in ref. [31]), which is 

inconvenient. The system Fano eigenmodes, however, do. It is useful to note 

that when the coupling is small, the isolated SPP (ω1) and LSP (ω2) positions 

may be estimated via the following equations from ref. [16]: 

 

 

𝜔𝑆1
2 ≈  𝜔1

2 − 
𝜈12
2

𝜔2
2 − 𝜔1

2                                             (3.16a) 

𝜔𝑆2
2 ≈  𝜔2

2 + 
𝜈12
2

𝜔2
2 − 𝜔1

2                                            (3.16b) 
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These approximations are used in the summary information in Table 3-1 

subsequently. Arguably, a weakly coupled system might be taken a priori after 

considering the relative polarisations of the SPP and nanodome LSP, where 

coupling is only possible due to a slight tilt of the dipolar LSP mode at the 

dome corners (see prior Figure 3-24).48 The first oscillator peak shape, say the 

0.92, 0.94 or 0.96 relative resonant frequency (ωS1/ωS2), in Figure 3-39(e) 

(relative damping of 0.6 [Γ1/Γ2] and coupling constant ν12 = 0.06) might 

correspond to the asymmetric feature in the experimental transmission close 

to 690 nm for 700 nm period nanodomes (Figure 3-18(b)).49 The congruence is 

displayed in the subsequent Figure 3-49(c), where the experimental 

transmission (Figure 3-18) and wc-COM are plotted on the same (frequency) 

scale. Anomalies in the 600 nm and 650 nm period transmission peak profiles 

                                                           
48 i.e. non-orthogonality between the LSP and SPP. 
 
49 Spectral pattern flipped because of frequency plot instead of wavelength. A same scale plot 
follows in Figure 3-49. 

Figure 3-40. Driven oscillator amplitudes (c1) for other COM specific 

examples. (a) ‘Shoulder kinks’, as noted in the initial (normal incidence) 

experimental transmission data (Figure 3-18), and subsequent 

experimental angled transmission (Figure 3-43), may be reproduced in 

a COM model. (b) Likewise, for the broad two-peak spectra noted in the 

experimental angled transmission. Parameters for (a) and (b) included 

on plots. 
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may also be recreated, predictably indicating different oscillator positions and 

coupling strengths. 

 

 

Interestingly, the wc-COM indicates that the pronounced asymmetry in far-

field spectra of interacting plasmonic resonances associated with Fano 

resonances may often be absent. To observe a significant asymmetry, the 

widths of the resonators must be sufficiently small and the resonances must 

be spectrally close; this appears to be an infrequent occurrence in experimental 

Figure 3-41. The effect of changing the photon-sample interaction angle. (a)(i) 

Open-bench Raman system set at 0° and (ii) another system perspective showing 

rotated stage (black cube) and sample (white cuboid). (b)(i) shows the set-up 

under normal incidence and (ii) with a slight rotation – note effect on light 

collection cone. (iii) illustrates the case with an aperture (at 0°). 
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Fano data.50 More subtle dip features, as the peak shoulder in Figure 3-40(a) 

and peak splittings51 as in Figure 3-40(b) are possible. 

 

Although the question over the exact isolated LSP resonance position (ω2) 

remains, it may be argued that the shape correspondence between COM 

predictions and experimental angular far-field data also assists in proving the 

presence of a Fano resonance (in a weakly coupled, proximal, two oscillator 

regime). This is now investigated. 

 

3.6. Angle dependence and numerical aperture 

                                                           
50 It may be that Fano resonances are rarely as pronounced as they are commonly thought. This begs 
the question, ‘how are Fano interactions to be defined?’ Must the resonator widths be sufficiently 
small? And strongly coupled? 
 
51 The quantum mechanical equivalent of the classical phenomenon of resonant frequencies 
diverging in a coupled oscillator system as the oscillator coupling strength is increased is known as 
level repulsion or anti-crossing (behaviour). 

Figure 3-42. Altering the LSP and SPP modes by changing the relative photon-

sample interaction angle for (a) p-polarised and (b) s-polarised light. Here 

depicted at angles from 0° – 40° (i-iv) for both polarisations. Blue grid is the 

normal plane. 
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3.6.1. Overview 

The dependence of the incident angle has been investigated for nanodome 

samples experimentally, in far-field transmission and in the near-field, with 

SERS. The SERS component of this study has been undermined by a chronic 

low signal. This was remedied by an increase in analyte concentration (≈ 50 

µM from the usual 1 µM – 10 µM), however, the result is that subsequently 

measured signals are less indicative of the near-field properties of the system  

Figure 3-43. Experimental angle dependent transmission spectra for 700 

nm period 60 nm gold sputtered nanodomes. (a) p-polarised data from 0° – 

5° and close-up (b) from 1° – 2° (0.2° increments). (c) p-polarised data for 6°, 

8° and 10° incident angle respectively. (d) s-polarised data from 0° – 5°. Kink 

visible at 0.5° is the result of small misalignment (which is also present in all 

other spectra in (d) but not apparent visually. Axis marks are 20% 

transmittance. Peak heights are ≈ 10% transmittance near normal 

incidence. Light beam collimated with no focusing optics (to avoid 

wavevector spread). 
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and more characteristic of the dye. This occurrence suggests that some 

damage may have been caused to the polymer by the higher power density of 

the 692 nm laser, which was not apparent in the original (normal incidence) 

SERS studies. This may, therefore, be on the threshold of an acceptable surface 

power density for the polyurethane. Specifically, the change in sample angle 

may be problematic, exposing the most thinly metallised region of the 

nanostructures, the dome side (Figure 3-11(a)), more fully to the incident laser 

power. Polymer deformation is further discussed in [74,75].52  

                                                           
52 It may be appropriate to consider an overcoat of an alternative metal and in fact, say, a thin silver 

layer between the polymer and gold. This may be also of use in tuning the LSP resonance of the 
nanodomes. Numerical study here would be profitable. Alternatively, Dr David McNeill, School of 
Electronics, Electrical Engineering and Computer Science at QUB, suggests more robust polymers 
could be employed. Conductive polymers (Nobel Prize in Chemistry 2000) are yet another option. 

 

Figure 3-44. Peak positions for the p-polarised angle 

dependent experimental transmission data (0° – 5°) for 700 

nm period, 60 nm gold sputtered nanodomes. Inset: 

corresponding data for s-polarised. All data extracted from 

Figure 3-43.  
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Also, the samples used in this extra study had been in (ambient) storage for 

approximately 18 months. Far-field interrogation reveals outstanding 

longevity on these samples (Figure 3-13), but it is unknown whether such aged 

polyurethane is more susceptible to deformation via local heating.53 It is 

therefore suggested that the SERS angled experiment be repeated at a later 

stage. The far-field optics, in isolation, are nevertheless instructive. 

 

Angle transmission measurements (0° – 40°), p- and s-polarised, on planar 

gold (no nanostructures) are essentially the same (interband transition 

dominated) spectra albeit with some differences in percentage transmission. 

                                                           
53 Our Raman system provided high signals for other SERS samples at this time indicating low signal 
was probably not systematic. 

 

Figure 3-45. Dispersion plot for 700 nm period grating showing m = -1 

SPPs at 5° and 10° incident angle off normal. Inset: the theoretical 

position of the m = -1 SPP as a function of angle (McPeak, 2015). Yellow 

region highlights values most useful for comparison with experimental 

data (Figure 3-44).  



Nanodomes and Fano resonances 

147 
 

The spectra range in Figure 3-43 is zoomed into the region of interest, 650 nm 

– 800 nm; no significant changes are observed outside of this spectral window. 

 

Most higher angle (10° – 40°) p-polarised measurements on the domes yield 

no useful information; the ‘first split peak’ apex appears to blue-shift to ≈ 690 

nm (10°) (Figure 3-43(c)) and then ≈ 650 nm (20°) while becoming broader. Any 

trace of this peak seems to be absorbed into the spectral signature of the 

interband transitions at 30° and 40° sample angle respectively (not shown).  

 

The tunability of the plasmonic response from nanostructures illuminated at 

oblique angles has been discussed by Christ (2008), in which a previously 

optically inactive mode (at normal incidence) is stimulated in experimental 

reflection data at a high angle of incidence in arrays of stacked nanobars [45]. 

Figure 3-46. Angled 650 nm period analysis. (a) Experimental angled (0° – 4°) 

transmission for 650 nm period 60 nm gold sputtered nanodomes. Normal 

incidence, p-polarised. Offset for clarity, axis divisions are 20% transmittance. 

(b) Theoretical positions of m = -1 period SPP for 650 nm period grating 

(McPeak, 2015). 
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Similarly, Hao (2008) couples to higher order plasmonic modes via excitation 

angle variation in a non-concentric ring structure [49]. Therefore, further 

numerical modelling could illuminate the modes behind the complex spectra 

for the angle-dependent spectra. 

 

3.6.2. Angled spectra analysis 

The (experimental) spectral profiles observed when small changes are made 

to the incoming angle of the exciting photons is qualitatively like the 

theoretical pattern of a dip or transparency, featuring in the ω1 resonant (SPP) 

peak, as the resonance traverses the 0.90 – 1.10 ω1/ω2 range (at normal 

incidence). In both cases, the position of the isolated SPP (ω1) is changed while 

the LSP (ω2) spectral location remains constant (of course, this is an 

approximation in the experimental case because of the perspective change of 

Figure 3-47. Graphical summary of models; corresponding details in 

Table 3-1. References in main text. 
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the nanodome geometry to the impinging light, but for small angles it can be 

assumed that the shape is the same as at normal incidence).  

 

Currently, it is difficult to predict changes a priori to the respective modal 

dampings and coupling via the experimental angled data; however, the 

profiles are revealing. It is a dynamic system in the sense that oscillator 

dampings, oscillator coupling strength as well as the resonance positions will 

all change with an alteration to the light angle of incidence. The LSP should 

change little for small angles, seeing that the localised resonance is contingent 

on the shape of the nanostructures (only), but this nevertheless may be enough 

to visually affect the mixed plasmonic modes produced. The splitting of the 

peaks as the angle increases (Figure 3-43(a) [3° – 5°]) is suggestive of a stronger 

coupling regime as elucidated by the wc-COM spectrum in Figure 3-40(b). 

 

At larger angles (up to 10°), the second peak disappears (Figure 3-43(c)) 

indicating no further mode interaction (zero coupling). The remaining (blue-

shifted) peak is then (purely) symptomatic of the SPP mode. This insight is 

important when considering the position of ωS2 and correspondingly, ω2. 

 

3.6.3. Comments on the SERS success of 650 nm period, 692 nm excitation 

Cursory angled studies on other periods are also revealing. For example, the 

angled spectra for 650 nm period spectra suggests significant changes to the 

‘Fano profile’ with slight angular changes (Figure 3-46). This may explain the 

(unexpectedly) high enhancement for 650 nm at 692 nm excitation (Figure 3-

18). A slight offset in the relative nanodome-laser light angle can produce 

noticeable perturbations to the Fano profile. This effect, if present, is unlikely 
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to be based (solely) on instrumental misalignment, but also so angular 

discrepancy in the fabrication process (i.e. in the depression plane during the 

fabrication stage). This is concluded because the reflection spectra (Figure 3-

21) clearly shows greater energy absorbed (less reflectance than expected for 

the respective nanostructure packing density) for this period (alongside the 

700 nm period) and these measurements were taken on a different sample set. 

Another explanation may be that there is another localised resonance of the 

nanodomes around 650 nm, but this is speculative and requires better 

numerical modelling. 

 

A more likely account involves a shift in the (main) LSP resonance due to 

fabrication differences. This is probably less a case of the width changing, 

albeit an amount of polyurethane does slump towards the dome bases (Figure 

3-12), but rather in nanostructure height due to air gaps and incomplete 

depression of the template into the polymer. Numerical modelling on a 

variety of (possible) heights between 150 nm – 220 nm, the maximum height 

of the template, could be conducted to verify this idea. It is impractical to FIB 

cross-section all nanodome samples, but rather, if enough variance is 

suspected, material and fabrication changes may have to be made.  

 

As an analogue, in a geometrically similar 40 nm gold-metallised nanodome 

substrate, Mulholland (2013) reports the largest enhancement for 650 nm 

period domes, ahead of 700 nm and 600 nm periods respectively, which also 

do relatively well in terms of SERS enhancement [71]. This suggests that a 

small change to the gold thickness can shift the LSP closer to 650 nm, so it is 

reasonable to expect similar effects should the actual underlying polyurethane 

shape be altered (indeed, the metallisation procedure might warrant review 
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to ensure constant thickness of coating). It is also noted that whilst normal 

incidence transmittance spectra for 700 nm and other periods (different 

samples) looked of similar profile in repeat measurements in a different far-

field system (Figure 3-18(b) vs Figure 3-43(a), those for 650 nm period did not 

look quite the same (Figure 3-18(b) vs Figure 3-46). 

 

Sphere resonances red-shift in position with increasing size [8]. Gold spheres 

of 50 nm diameter have a resonance at 520 nm according to Mie Theory [28]. 

The nanodome top corners have radii of curvature just over 50 nm (Figure 3-

11). Intuitively, this red-shifting occurs because larger bodies mean larger 

charge separation and thus lesser restoring forces and smaller frequencies 

(longer wavelengths) [12]. Thus, it is a good question to what extent changes 

to the metal thickness at the top corners affect the dome LSP resonance. 

 

3.7. LSP position (ω2) summary 

Figure 3-48. Isolated LSP (λ2/ω2) projections based on models in Table 3-1.  
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3.7.1. Initial remarks 

The projected isolated LSP (ω2) spectral position from combinations of the 

different experiments and models (Figure 3-47) are comprehensively 

described in Table 3-1 and summarised in Figure 3-48. Where needed, the 

isolated LSP position has been calculated via the wc-COM approximation 

Equation 3-16b (Table 3-1, red highlight), which approximates the isolated LSP 

resonance (λ2/ω2) in a weakly coupled regime via a resulting quartic equation. 

The perceived reliability of each projection is communicated with adjacent 

notes and a traffic light code, where green is adjudged to be the most 

trustworthy and red, least reliable.54 

 

It is also appropriate to make a very general statement on the LSP position 

from an a priori viewpoint. As a structure with dimensions that a 

comparatively large with respect to the exciting wavelength (~ 1/3), 

retardation effects will broaden the resonance (the phase of the exciting 

electric fields cannot be approximated as constant over the nanostructure 

geometry). This facilitates the large difference in resonance linewidths 

required for the Fano interaction [12]. 

                                                           
54 In Table 3-1, the usage of λ2/ω2 does not necessarily imply use of the COM equation (where it first 
appeared). An isolated nanodome LSP resonance (λ2/ω2) exists whether this classical analogue is 
employed or not. 

Table 3-1. (next page) A comparison of projected isolated LSP (ω2) positions via 

experimental and theoretical models for 700 nm period nanodomes. In the first 

column, colour highlights the perceived trustworthiness of each respective model 

(with reasoning given in ‘notes’). Red signifies least trustworthy, dark green, the 

most correct, and orange/yellow/light green, in between.  

 

Usage of ω2 does not necessarily mean that the weakly coupled COM model is 

employed; where the wc-COM approximation equation (Equation 3-16b) has been 

used, red text is used. 
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Determining the isolated LSP resonance position, λ2
 (ω2):  A review of the models and 

model comparisons presented with reference to relevant literature models. 

λ1
 (ω1) approximated as at the period dimension (700 nm). 

Calculations via weakly coupled Equation 3-16b in red. 

Other details are given explicitly. 

M
o

d
el

 #
  

Data set 

 

λS2 

 

λ2 

 

Notes 

A Experimental 

transmission 

and wc-COM 

comparison 

 

(Figs. 3-18(b) or 

3-29(b) and Fig. 

3-39) 

702 nm 

706 nm 

(via 

visuals 

Fig. 3-

18(b)) 

697 nm – 

701 nm 

wc-COM assumes only SPP excited as the 

main driver. Is comparing shapes of 

spectral features a good strategy?  ν12 

estimated as 0.06 for ω2 determination. 

 

 

 

  

N/A 

686 nm –

714 nm 

wc-COM in Fig. 3-39(a) 

Γ1/Γ2 = 0.4, ν12 = 0.06 

ω1 = 0.98 – 1.02, ω2 = 1.00 

  

N/A 

742 nm –

770 nm 

wc-COM in Figure 3-39(e) 

Γ1/Γ2 = 0.6,  ν12 = 0.06 

ω1 = 1.00 – 1.04, ω2 = 1.00 

B FDTD 

transmission 

and wc-COM 

comparison 

(Figs. 3-29(a) 

and 3-39). 

710 nm – 

730 nm 

(via Fig. 3-

29(a)) 

702 nm – 

711 nm 

wc-COM assumes only SPP excited as the 

main driver.   Model geometry is crude, 

as necessitated by FDTD.  ν12 estimated 

as 0.06 for ω2 determination. 

 

ωS2 via visuals Fig. 3-29(a). 

  

N/A 

 

700 nm 

wc-COM in Fig. 3-39(e) 

Γ1/Γ2 = 0.6 

ω1 = ω2 = 1.00 

C FEM near-field 

visuals analysis. 

730 nm – 

740 nm 

712 nm – 

716nm 

(Fig. 3-25(c)) Visuals are sensible but 

extracted s-parameters are unphysical: 
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Fig 3-25(c)  

(z = 130 nm 

plane). 

problem with periodic boundaries? ν12 

estimated as 0.06 for ω2 determination. 

The model offers a complete narrative. 

D FDTD near-field 

(point) plots 

analysis. 

 

Fig. 3-32(a). 

 

≈ 740 nm 

 

≈ 716 nm 

(Fig. 3-32(a)) Only a point analysis, thus 

incomplete picture of the system. Model 

geometry is crude, as necessitated by 

FDTD.  ωs2 derived from 700 nm period 

LFIEF apex in Fig. 3-32(a). ν12 estimated as 

0.06 for ω2 determination. 

 

Aside: important to clarify SPP (ω1) as the 

main driver in the system. 

E Holsgrove 

(2013); 

similar 

structures [70] 

(FEM study). 

 
N/A 

 

≈ 720 nm 

MSci precursor study. A height of 175 

nm, diameter 100 nm, sputtered 40 nm 

gold. Domes take a generic semi-

ellipsoidal shape in FEM model. Isolated 

FEM modelled transmission appears 

sensible. Differences in geometric profile 

undermine comparison. 

F Quasi-analytical 

model (QAM) 

(incorporates 

COM model, 

assuming 

strong 

coupling). 

 

Figs. 3-37 and 

3-38. 

≈ 850 nm 

(visual 

Fig. 3-

37(c)).  

 

Via Eq. 3-

16b  

   ωS2 = 

840 nm 

(based on  

ω2 = 790 

nm) 

Fig. 3-38. 

780 nm – 

810 nm 

 

Fig. 3-38. 

 

See 

adjacent 

note * 

(Fig. 3-38) Nanodome periods between 

650 nm – 800 nm output LSP resonance 

positions (ω2) between 780 nm and 810 

nm. QAM assumes SPP excited as the 

main driver. Success of fits is erratic (Fig. 

3-37). Substrate SPP overestimated in 

cases. Is strong coupling correct 

assumption? *Note, strong coupling may 

mean usage of Eqn. 3-13b is invalid. 

 

700 nm period fit: substrate SPP 

amplitude is overestimated and far from 

theoretical substrate SPP fitted 

Lorentzian (Fig. 3-37(c)).  
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3.7.2. The main dichotomy: weakly coupled, overlapping resonances or 

strongly coupled distinct peaks? 

It is likely that the second oscillator (LSP at ω2) is also driven somewhat by the 

impinging photons, however, the FDTD analysis in Figure 3-32(a) appears to 

reinforce the SPP as the primary system driver, as the wc-COM and QAM 

models assume. To reiterate, the critical difference between these analytical 

and quasi-analytical approaches is that the wc-COM assumes that the Fano 

interaction is evidenced by the small distortions in the SPP peaks, whilst the 

QAM assumes that the Fano feature is more spectrally disperse and fits the 

coupled oscillator equation assuming a strong coupling regime and (distinct) 

multiple peaks. It is important to note that the experimental reflectance (or 

absorbance) spectra could be just as well analysed with a (mere visual) 

comparison to the COM model, as the wc-COM analysis provides with the 

transmission data, however, this is more difficult to (arbitrary change the 

parameters) to fit to than with the kinks in the transmission peaks, hence the 

computational NLS fitting is more appropriate. With this said, which is the 

better approach? 

 

 

G McPhillips 

(2011); similar 

structures [31] 

(LSPR study). 

 

N/A 

 

≈ 640 nm 

Closest report journal article analogue, 

but probably too different for meaningful 

comparison. 

A height of 175 nm and period 300 nm; 

sputtered 50 nm gold. Exact vertical 

profile is unclear. 

The period may affect the LSP position. 
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3.7.3. Quasi-Analytical Model review 

The QAM predicts a reasonably static isolated LSP (λ2) position across the 650 

nm – 800 nm period range, between 780 nm – 810 nm, which is sensible seeing 

that the nanostructure geometry should not change with differing nanodome 

periods (samples), barring fabrication variances (Figure 3-38). Notably, the 

projected substrate (gold-polyurethane interface) SPPs (Bloch modes) are far 

from theoretical projections and often their amplitudes appear inflated 

(comparable to that from the Fano resonance) (Figure 3-37). The substrate SPP 

is probably best approximated at 750 nm period (Figure 3-37(d)) where it has 

a (believable) amplitude < 10% of the Fano amplitude at this period and is 

proximal to the theoretical substrate SPP position. The 700 nm period 

equivalent is exaggerated and a poor fit spectrally. 

 

Moreover, there are discrepancies between the QAM-projected positions of 

the (superstrate, gold-air interface) grating SPP (Bloch mode) and the 

theoretical positions (Figure 3-2), however, apart from the large (≈ 70 nm) 

spectral discrepancy for 800 nm period domes, the differences are not 

unreasonable (Figure 3-2). For 700 nm period, the difference is within 10 nm, 

which is plausible seeing that the nanostructures are not a ‘perfect grating’, 

having a finite size, complicating the SPP excitation mechanism. A good 

argument against a QAM interpretation is that the split peaks are not always 

prominent, as is the case for the 700 nm period reflection spectra. 

 

It might be argued that the features in the transmission peaks warrant more 

of an explanation being highly unusual; the wc-COM model with its 

comparable resonance position for each of the two oscillators and small 

coupling regime offers a fair explanation. The kicker, however, comes from 
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the experimental angled data in Figure 3-43. This data illuminates the specific 

‘dual-mode’ nature of the system where a change in the incident angle 

produces changes in the relative modal positions and couplings, and over a 

10° range (most unequivocally between 0° – 5°). The two resonances appear to 

be spectrally superimposed. Patently, this result eliminates the possibility of a 

relatively strong coupling and distinct (split) peaks at 0° incident angle as is 

argued by the QAM. And hence, the QAM receives a red rating in Table 3-1 

(Model F). 

 

3.7.4. FEM near-field visuals analysis review 

The analysis of Model C in Table 3-1, via the FEM visuals in Figure 3-25, is 

much more straightforward. On a qualitative level, it appears to tell ‘the Fano 

story’ rather well, providing a sensible and complete picture of the system. 

The distorted near-filed environment at 680 nm and 690 nm (Figure 3-

25(a)(x)(xi)) is adjudged indicative of a Fano interaction.55 Hence, despite 

quantitative misgivings, this model is deemed accurate and receives a light 

green rating (Table 3-1). An LSP position (λ2) of 712 nm – 716 nm is returned 

via studying the panels in Figure 3-25(c) (130 nm z-plane) and the second 

weakly coupled COM equation (Equation 3.16b).  

 

3.7.5. FDTD near-field point analysis review 

Model D in Table 3-1 corresponds to the FDTD LFIEF point analysis for the 

respective nanodome periods. Immediately, it is difficult to expect too much 

system information from such a limited study and this model, therefore, 

receives a yellow rating in Table 3-1. Really, more points (or planes) are needed 

                                                           
55 As aforementioned, this is in conjunction with the darkened electric fields near the nanodome top 
corners (depleted LSP mode) between 680 nm and 710 nm (Figure 3-25(c)(ix-xii). 
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to build up a complete near-field narrative. This does not, however, render the 

model useless. As a cursory initial observation, the quantities observed in the 

EF (up to 1011) make the (substrate-averaged) experimentally determined 

values (104 – 105) reasonable. Notably, for the 700 nm period, close to 692 nm 

excitation, there is a dip in the LFIEF. It is proposed that at this point, the 

energy concentrated in the LSP-like mode (visualised by the often-strong 

electric fields around the dome upper corners [Figure 3-25(c)]), is destructively 

coupling with the superstrate SPP. 

 

The cardinal contribution of the FDTD point analysis, however, has been to 

prove that the superstrate SPP (ω1) is the primary driving oscillator, with the 

peaks and troughs moving as the period is altered. This assumption has been 

an important feed into Models A, B, and F. 

 

3.7.6. Literature comparators 

Comparisons with studies elsewhere are largely unhelpful: they are too 

dissimilar to the current study. This is not a comment on the quality of these 

respective works. Part of the problem is the poverty of available studies as 

good comparators. The McPhillips (2011) structures [31] (Table 3-1, Model G) 

are geometrically similar and with a comparable height of 175 nm and gold 

thickness of 50 nm. The period is, however, 300 nm and the cross-section 

analysis is less rigorous than in our work, thus the exact vertical profile is 

unclear. The investigation by Holsgrove (2013) [70] (Table 3-1, Model E) is 

much more comparable, but it has become apparent that small geometrical 

differences cannot be treated so flippantly, hence the comparison with this 

work, despite its similarities, is to be treated with caution.  
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3.7.7. A weakly coupled interpretation, transmission data: a review 

This leaves the experimental transmission and wc-COM model comparison 

(Model A, Table 3-1) and the closely related FDTD transmission and wc-COM 

comparison (Model B). This leads to a λ2 position of 699 nm ± 2 nm if λ2 is 

approximated from the profile of the 700 nm transmission peak in Figure 3-

18(b) (or Figure 3-29(b)) or somewhere between the (large) range between 686 

nm and 770 nm if this feature is (visually) compared to possible spectra in the 

wc-COM model (Table 3-1 Model A, second and third rows in ‘Model A 

notes’). This large range is due to some ambiguity in finding the best 

comparator in the wc-COM model (Figure 3-39(a)(e)). Details are given in 

Table 3-1. Alternatively, the angled experimental analysis, which mitigates 

wavevector spread through the removal of the focusing objective lens, 

arguably shows displays the localised LSP peak (Figure 3-43). This peak (‘first 

peak’, red line, Figure 3-44) sits spectrally between 702 nm and 709 nm as the 

angle of incident light is changed from 2° – 5°. In this view, the isolated LSP 

position (normal incidence) is then probably not far beyond 710 nm. 

 

A similar analysis with the FDTD data is less equivocal and projects a ω2 

feature between 700 nm and 711 nm. Preferring the experimental transmission 

and FDTD transmission-wc-COM comparisons’ weakly coupled 

interpretation of the Fano resonance, as in the detailed in the QAM discussion, 

then warrants a further and final study in the hope of restricting the λ2 range.56  

                                                           
56 If the transmission data, whether experimental or numerical, is indeed to be judged the best 
indicator of the Fano resonance over the reflection data, then it is appropriate to ask why this may 
be the case, after all the experimental SERS is performed in a configuration (backscattering) that is 
analogous to an optical reflection measurement. It may be that in reflection more scattering occurs 
and that this masquerades any ‘Fano asymmetry’. In reflection, it may be that the anomalously large 
dip (solely) is the evidence of multi-mode interaction. 
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3.7.8. Refining the projected isolated LSP position (λ2/ω2) in the weakly 

coupled COM model 

First, an attempt is made to account for the transmission profile of (the 

interband transitions of) gold (on its own) (Figure 3-49(a)). This can be 

deduced via experimental means (reference spectra) or fitted with a simple 

Lorentzian (as has been employed previously in the QAM). An alternative 

strategy is to apply a model based on the work of Vigoureux (1991), who uses 

a polynomial method to approximate the reflection, absorption, and 

transmission in stratified media [97,98]. In the nanodome system, there are 

three layers: of air, gold, and polymer (Figure 3-49(a)(i), Inset). 

 

Various data sets are available for the permittivity of gold [99–101], each 

producing different fits: the adjudged best, Yakubovsky (2017) [102], is in 

Figure 3-49(a)(i). A benefit conferred by this avenue is an estimation of the 

thickness of the metal film, and a summary is presented in Figure 3-49(a)(ii). 

While the SEM cross-sectioned study may suggest a range of thickness around 

the domes (Figure 3-11), all shy of the prescribed 60 nm gold, all fits propose 

thicknesses in this vicinity (57 nm – 62 nm). The resultant transmission 

spectrum (pink line, Figure 3-49(b)) is then fitted to a wc-COM profile (Figure 

3-49(c)) and plotted on the same (frequency) x-axis. This returns values of λ2 

(ω2) = 745 nm (λ1 (ω1) = 700 nm assumed57), ν12 = 0.1, and comparatively large 

relative oscillator width fraction of Γ1/Γ2 = 0.05. This latter discovery makes 

sense because perturbations to the transmission peaks span not only the 750 

nm and 700 nm period transmission peaks but also some of those at 650 nm. 

                                                           
57 Taking a λ1 (ω1) value closer to 720 nm, as is the theoretical superstrate (air-gold interface) grating 
SPP/Bloch mode projection, yields a λ2 (ω2) at 766 nm. 
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In addition, a cursory, extended view of the nanodomes in FEM suggests that 

a generous observer might determine that an LSP-like resonance in the system 

starts as low as 600 nm excitation and that a vestige of the resonance remains 

even at 900 nm excitation. Transmission peaks at 600 nm and 800 nm periods 

are arguably free from distortion, but the relative inherent sharpness of the 

800 nm peak may obscure analysis. 

 

What the experimental transmission and wc-COM comparison (via the 

Vigoureux method subtraction) does not do, is reproduce the kink in the 700 

nm period transmission peak (although this is not obvious from Figure 3-

49(c)). These asymmetries are viewed as prime evidence of plasmon-polariton 

mode mixing. It is a reminder that the wc-COM model is an approximation 

and that the geometry of the domes and hence localised resonance probably 

preclude perfect conformity to two coupled oscillators (and one driver).  

 

Where the COM is used in calculations (in Table 3-1), 700 nm is taken as the 

superstrate SPP (λ1/ω1) position. This is because this is where the peak is 

visibly anticipated to apex in transmission (or nadir in reflection) in the 

experimental far-field data (Figures 3-18(b), 3-19(b)). The theoretical position 

is closer to 720 nm (Figure 3-2). While the finite size of the nanostructures 

undermines adhering to the (infinitely small) values assumed by the 

theoretical Bloch SPP calculations, recalculating the data in Table 3-1 taking λ1 

at 720 nm, may be interesting.  Of course, future numerical modelling may be 

judged to precisely illuminate the place of the isolated LSP resonance, 

nevertheless, the current study is useful in considering the degree of veracity 

of each model regarding the system in general. What these models do not 

currently do is accurately predict a SERS EF, although this may be achieved  
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Figure 3-50. FEM modelling and Raman shifts. (a) Experimental plot 

demonstrating the averaged SERS EF (primary y-axis) for 692 nm excitation 

Raman-shifted bands at 443 cm-1 (green square), 1185 cm-1 (grey circle), and 

1617 cm-1 (red triangle). Dashed blue, grey and red lines show the position of the 

Raman-shifted lines for 692 nm excitation. Solid turquoise line shows percentage 

transmittance over the visible range for 700 nm nanodome period, as in Figure 3-

18(b) (secondary axis).  

 

(b)(i-iv) FEM images for 700 nm period nanodomes in the x-z plane at 690 nm, 

715 nm, 755 nm and 780 nm. (c)(i-iv) The corresponding FEM images in the x-y 

plane (z = 60 nm [from air-gold superstrate interface]).  

 

Incident radiation conditions in (a)(ii)) and (b)(ii). 
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with the construction of a simpler geometry [70]. This must be performed in 

the current FEM software (COMSOL) to allow a better analysis of surface 

fields (as opposed to mere planes and point analyses in the FDTD package 

[Lumerical]). It is worth recalling that the relatively unrefined nanodome 

geometry in the FDTD model produced sensible far-field spectra in our initial 

studies here (Figure 3-29(a)), replicating peak positions with typically < 30 nm 

discrepancy (Figure 3-30). The subsequent modelling could be as follows 

(where the ‘complex’ geometry is the more realistic representation): 

 

1. Isolated model (simple geometry) 

2. Isolated model (complex geometry) 

3. Finite (truncated) array model (simple geometry) 

4. Finite (truncated) array model (complex geometry) 

5. Infinite array model (simple geometry) 

 

Alternatively, the complex nanodome model geometry can be retained in its 

current infinite array and instead it might be useful to (merely) estimate the 

SERS EF based on the LFIEF at the air-gold superstrate surface as this is where 

most of the analyte molecules should be located (Figure 3-25(c)). The largest 

plasmonic fields do appear at the dome corners, as indicated, but it is likely 

that relatively few target molecules deposit in these locations. The usefulness 

of such an approximation, while practical, is up for debate, seeing that the 

non-linear nature of the SERS enhancement results in these ‘hottest’ regions 

having a disproportionate effect on the observed SERS EF [103]. 

 

3.8.  SERS EFs as a function of Raman-scattered (de-excitation) wavelength  

3.8.1. Introduction 
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Figure 3-51. Comprehensive analysis of SERS EFs (black 

triangles, secondary y-axis) vs scattered Raman wavelengths (x-

axis) in nm (equivalent wavenumbers at 443 cm-1, 803 cm-1, 915 

cm-1, 1185 cm-1, 1617 cm-1) for Crystal Violet at 692 nm excitation 

(dashed black lines) from key nanodome periods: (a) 650 nm, (b) 

700 nm, and (c) 750 nm. Solid coloured lines represent respective 

percentage transmittances (primary y-axis). 
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Beyond sensitivity studies, tailoring SERS substrates for specific molecules58 

has been discussed previously by Ye (2012) [62]. Raman-scattered wavelength 

studies are probably overlooked in the SERS literature with many preferring 

a focus on the plasmonic properties of systems at the exciting wavelength 

(only), perhaps typified by the ubiquitous E4 approximation. Such an 

approach is often unjustified: even small Raman-shifted photons can 

experience a very different plasmonic environment (many plasmon 

resonances are relatively sharp, having a non-negligible drop-off over the 

Raman-scattered range).  

 

                                                           
58 More correctly, specific Raman bands of specific molecules. 
 

Figure 3-52. Analysis of SERS EFs (red squares, secondary 

y-axis) vs scattered Raman wavelengths (x-axis) in nm 

(equivalent wavenumbers at 443 cm-1, 803 cm-1, 915 cm-1, 

1185 cm-1, 1617 cm-1) for Crystal Violet at 671 nm 

excitation (dashed red line) from 700 nm nanodome 

period. Solid turquoise line represents percentage 

transmittance (primary y-axis). 
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Hence, the SERS enhancements as a function of the Raman scattered 

wavelength (converted into absolute wavelength from the usual relative 

Raman wavenumbers) are now analysed in Figures 3-50, 3-51 and 3-52. It is 

postulated that at a de-excitation position of Fano super-radiance (a very 

optically active near-field) that there may be a noticeable increase in SERS EF 

as more energy is radiated back into the far-field. Here, the plasmon-

polaritons are oscillating in phase, resulting in a propensity to couple and 

decouple with light. Dispersion plots for the periods studied (650 nm, 700 nm, 

750 nm) show no spectrally proximal (superstrate) SPP modes below 800 nm 

wavelength (and thus that could otherwise enhance the de-excitation 

photons). Note, differences in (background) transmission (Figures 3-50, 3-51, 

3-52) are probably due to small differences in thicknesses of polyurethane. 

This has been investigated by studying the transmission spectra of 

unmetallised nanodome samples (not shown).59,60 

 

3.8.2. Initial study 

An introductory FEM model (Figure 3-50) shows the SERS EF at three de-

excitation wavelengths (for 690 nm excitation) for 700 nm period nanodomes, 

and is overlaid with the corresponding experimental transmission data from 

Figure 3-18(b). The de-excitation wavelength (or Raman-shifted) position of 

the different bands for 692 nm excitation (only) are also marked (dashed lines). 

The current models focus solely on 700 nm period nanodomes. The FEM stills 

suggest there is over a two-fold benefit to the SERS signal by selecting a 

Raman band that scatters at a wavelength corresponding to (near) resonance 

                                                           
59 Albeit in a different nanodomes sample set. 
 
60 This could also be discussed in terms of the (small) undulations present in some of (metallised) 
experimental transmission spectra. This Fabry-Perot response can return the width of the 
(polyurethane) cavity. 
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position. Here, this is for the shortest measurable Raman band at 433 cm-1 shift 

(≈ 715 nm), where de-excitation appears to overlap with the localised-like 

system resonance of the dome (Figure 3-50(a)(ii)), as well as the tail of the 

primary transmission peak.61 The ‘de-excitation wavelength contribution’ to 

the observed SERS EF is examined more in Figures 3-51 and 3-52 

subsequently.  

 

3.8.3. Comprehensive analysis 

692 nm laser excitation for periods of 650 nm and 700 nm (Figure 3-51(a)(b)) 

result in very similar Raman-scattered SERS EF patterns. This may indicate 

little influence from the Raman-scattered wavelength position, and indeed 

more leeway than expected with the excitation wavelength; the black dashed 

laser lines at 692 nm for (a) and (b) (650 nm and 700 nm periods respectively) 

intersect different features on the respective transmission spectra.  

 

SERS EF benefit from super-radiance is hence not clear. There may be a 

spectral point at which super-radiance exists in the system but that the 

shortest (Stokes) Raman-scattered bands (for CV and R6G) are too red-shifted 

to take advantage of it.62 Indeed, this is an upshot of the conclusions in this 

chapter (that the Fano resonance is confined to a narrow spectra range). The 

least shifted Raman band for CV at 433 cm-1 corresponds to a (significant) shift 

of ≈ 20 nm. 

                                                           
61 Again, this feature could be designated the SPP resonance, but the coupled plasmon nature of the 
system requires careful diction. 
 
62 Sub-100 cm-1 (THz) Raman-shifted experiments exist and may be performed with sharper filters, 
but in this regime the data corresponds to structural information (as opposed to chemical 
information). 
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The data in Figure 3-51(c), most unusual amongst the set of Raman-shifted 

data, is confirmation that an enhancement is possible in the de-excitation 

phase. Here, with an excitation wavelength of 692 nm and nanodome period 

of 750 nm, the Raman-scattered SERS EFs can be seen to track the Fano 

transmission peak. The pattern is clear because excitation is far off resonance 

and thus the SERS EF is more indicative of high fields at de-excitation. It 

would be interesting to compare this Raman de-excitation profile with that 

from a ‘pure 750 nm grating’ transmission peak (if possible). Regardless, the 

SERS EFs are comparatively small, suggesting that the cardinal benefit may be 

to be had in the excitation phase (sub-radiance). Figure 3-52 displays similar 

data but for an excitation wavelength of 671 nm and nanodome period of 700 

nm (only). However, care is needed seeing that other Raman-scattered plots 

(not shown) show similar SERS EF patterns (for 671 nm), meaning that these 

undulations in EF values (in Figure 3-52) may be as the result of discrepancies 

in the initial calibration (reference Raman peak intensity) measurements.  

 

3.9. Ellipsometric analysis 

3.9.1. Ellipsometry and Surface Plasmon Resonance (SPR) studies 

Surface plasmon resonance (SPR) sensing makes use of the spectral 

dependence of plasmonic resonances on the local refractive index. Small 

changes to a pervasive medium can be measured as small shifts in the SPR 

position. In this way, the concentration of a (known) solution may be 

determined. The most popular SPR method is via prism coupling in the 

Kretschmann configuration.63 Surfaces involving nanostructures and LSPs, 

                                                           
63 A prism with an edge coated in a plasmonic metal upon which light interacts from the prism side 
generating an SPP at the metal-air interface. 
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such as Causeway Sensors’ nanopillar LSPR sensing platform [104], offer 

tunability in the plasmon resonance spectral position and narrow resonant 

profiles. It is therefore intuitive that high sensitivity could be achieved with a 

Fano resonance. As an aside, simultaneous SERS and LSPR studies are 

possible, indeed there is a history of such studies in the Kretschmann 

configuration as detailed in Meyer (2011) [9]. However, the consensus seems 

to be that the distance dependence of SERS means that SERS and LSPR are 

largely incongruent techniques. 

Figure 3-53. Ellipsometric measurements on 60 nm gold sputtered, 700 nm 

period nanodomes. (a) Relative phase data (del, Δ) between incident photon 

angle range 45° – 75°. Theoretical range for Wood’s anomalies, 1194 nm – 

1376 nm, marked by dashed lines (Equation 3.19). (b) Zoom in of (a). (c) 

Relative intensity data (psi, ψ) between incident photon angle range 45° – 75. 

(d)(i) Zoom in of (c) for angles in range 45° – 57° and (ii) in the range 59° – 75°. 
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The potential for biosensing may be exploited through ellipsometry, which 

measures the complex reflectance ratio of p- and s-polarised light incident on 

a sample (at some angle). The ratio of the incident and reflected intensities are 

quantified by the psi (ψ) parameter, and the relative phase change between the 

two polarisation states by del (Δ). 

Figure 3-54. Ellipsometric measurements on nanodome periods 500 nm – 750 

nm for 45° incident photon angle, showing (a) del (Δ) and (b) zoom in of region 

in (a) indicated by dashed box. (c) Psi (ψ) (with offsets for clarity). (d) Coupled 

Oscillator Model (COM) phase data for the first oscillator for ν12 set to 0.03 (grey 

line), 0.05 (blue), and 0.07 (red), with Γ1 and Γ2 set to 0.03, and ω1 and ω2 set to 

1. 

 

Key to nanodome period inset in (a). First and second order dips indicated by 

black and pink arrows in (c). Offsets in (c) are in increments of Ψ = 20 except for 

550 nm period which is 40 Ψ units offset from 500 nm period data. 
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𝜌 =  
𝑟𝑝

𝑟𝑠
= 𝑡𝑎𝑛𝜓 𝑒𝑖𝛥                                                (3.17) 

 

Edwards (2014) has studied the effect of 40 nm gold-sputtered nanodome 

substrates (500 nm, 550 nm, 600 nm periods) akin to the ones analysed here, 

observing up to a maximum refractive/relative index unit (RIU) of 1.59 ×10-5 at 

approach angles < 30° [105]. The investigation also includes changes to the 

local dielectric medium. The RIU Equation (3.18) is below, where δn is the 

refractive index change. 

 

𝑅𝐼𝑈 =  
𝛿𝑛 × 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡 𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

𝛿𝜓𝑚𝑎𝑥  𝑜𝑟 𝛿𝛥𝑚𝑎𝑥
                          (3.18) 

 

3.9.2. Ellipsometry as evidence of Fano resonances 

Our recent, complementary study has analysed 60 nm gold sputtered 

nanodomes for periods from 500 nm – 750 nm, and at larger incident angles 

(45° – 75°). This is presented in Figures 3-53 and 3-54. Del is displayed in panels 

(a) and (b) of Figure 3-53 for 700 nm period nanodomes. The theoretical range 

of del for this sample is highlighted in (a) by dashed lines and is calculated via 

the equation for the Rayleigh cut-off length (for the air-metal interface): 

 

𝜆𝑅 ≈  
𝑎

𝑚
 [1 ± sin(𝜃)]                                             (3.19)64 

 

                                                           
64 This is an approximation of the SPP grating matching condition (Equation 3.11c). 
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as in Kravets (2008), where a is the grating period and m is an integer 

specifying excitation order. θ represents the light incident angle [85]. 

 

Interestingly, the second order excitations appear shifted (and more closely 

bunched) than would be expected (600 nm – 700 nm theoretically). This may 

be because of interactions with the nanodome LSP, which spectrally, may not 

have moved significantly despite the large angle change. The phase changes 

are unexpectedly abrupt, with peaks and troughs as close as 1.6 nm apart 

(Figure 3-53(b)). Indeed, 2π phase changes within a spectral range of ≈ 1.6 nm 

are seemingly common with the nanodomes structures (all samples). 

 

Figure 3-53 also includes the intensity change (psi) data for the 700 nm period 

nanodomes. Some noticeable peaks and dips are present ((d)(i)(ii)) signifying 

energy transfer into the sample at these points. The features also bear a 

resemblance to the Coupled Oscillator Model patterns, especially for those 

where the coupling is large (Figure 3-39). 

 

In Figure 3-54 then, the effect of the nanodome period is analysed at a constant 

45° incident angle. This offers an additional avenue for tuning (in addition to 

incident angle) and may be of more practical use. Some interesting 

asymmetries occur for features in the range 500 nm – 800 nm, as highlighted 

in Figure 3-54(a) and (b). The COM model may also describe the relative phase 

of the two oscillators. For the driven oscillator, this is calculated via: 

 

𝑐1(𝜔) =  |𝑐1(𝜔)| 𝑒
−1𝜓1(𝜔)                                       (3.20) 
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as in Joe (2006) [16]. Here, as before, c1 represents the (first) oscillator 

amplitude and ω, the driving angular frequency. The phase of the first 

oscillator is described by ψ1. An equivalent equation exists for the second 

oscillator [16].  

 

Figure 3-54(c) displays the corresponding ellipsometric psi data, with offsets 

for clarity. Here, the first order dips for the respective periods all agree well 

with Equation 3.19. However, the second order peaks appear red-shifted and 

(again) display unusual shapes, perhaps indicative of LSP-SPP mode mixing. 

Seeing that the cardinal plasmonic interactions appear to happen 0° (normal) 

to 5° incident angle, it would be desirable to perform ellipsometry at smaller 

angles (< 20°) if possible. Current measurements range from 45° – 75° incident 

angle. 

 

3.10. Conclusion 

3.10.1. Summary 

Arrays of gold-metallised polyurethane nanodome structures have been 

fabricated and characterised as unique substrates for SERS. High SERS 

enhancements (104 – 105) have been observed and interpretations of this data 

involving SPP-LSP interactions are proposed. 
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An analytical model using the classical analogue of coupled oscillators (COM) 

illuminates the spectral positions of the respective isolated plasmon-polariton 

resonances, their relative linewidth, and coupling. The interpretation of 

relatively weakly coupled and proximal (spectrally overlapping) resonances 

with a large relative oscillator width is supported by experimental angled 

data. This is favoured over the proposition of a quasi-analytical model (QAM), 

which also uses the COM but assumes Fano parameters that describe stronger 

coupling resulting in two distinct, split peaks. 

 

The structures have been studied through a series of numerical models, which 

cumulatively, provide a qualitative narrative of the system. A reversion to 

simpler numerical models may be necessary to extract meaningful 

quantitative predictions. These have been outlined. 

 

Various models have been summarised (Table 3-1) with a primary goal of 

illuminating the position of λ2(ω2), the isolated LSP resonance. The benefit to 

the SERS EF specifically in the Raman de-excitation phase has been studied 

with some modest enhancement determined possible. A comparison with de-

excitation for a ‘non-Fano’ case would be appropriate. The conclusions in this 

chapter may be determined to have varying degrees of certainty, and this is 

summarised in Figure 3-55. 

 

3.10.2. A strange observation 

The peculiarity of seeing the largest enhancements as the packing density is 

lowered cannot be under-stressed: it is highly unusual and requires 

explanation. It might be easy to forget this amongst the detailed discussion. 
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Therefore, the enhancement is not, solely, the result of nanostructure LSP 

resonance. Based on a COM fit and cross-comparison with numerical models 

and experimental data, the isolated LSP resonance is projected to lie between 

697 nm – 770 nm and is not expected to deviate from this range (seeing that 

the geometry of the nanostructures is the same in all samples). A refined fit 

suggests 745 as an accurate λ2 position. This same fit estimates the relative 

linewidth of the plasmonic resonators to be as small as (Γ1(SPP)/Γ2(LSP) =) 0.05 (i.e. 

the LSP oscillator width is 20× larger than that of the superstrate SPP mode). 

 

It could then be argued that the enhancement is the result of the sole activity 

from the SPPs, but again, this interpretation is problematic. A laser line at 692 

nm with a nanodome period of 700 nm (where the largest SERS EF is 

observed) falls short of the isolated SPP resonance position at 700 nm (Figure 

3-18). The 600 nm period primary transmission peak is intersected by a laser 

line (633 nm) but the SERS performance is relatively poor (EF = 543), and in 

fact, is worse than nearby 633 nm laser measurements for 650 nm (EF = 1277) 

and 700 nm (EF = 801) periods. The unusual asymmetries in the (experimental) 

transmission spectra warrant explanation. Similarly, it is remarkable that the 

periods (700 nm, 650 nm) display greater light-coupling into the system 

(experimental reflection measurements). We argue, based on the qualitative 

story provided by the numerical models (Figure 3-25) and the comparison 

with the weakly coupled COM, that the best possible explanation of this data 

is that of mixing between the LSP and SPP modes. It will be necessary to study 

650 nm period samples separately; indeed, further numerical studies may 

prove to be a useful comparator to those for 700 nm period. 
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Knowledge of the inner-workings of the system is vital as this understanding 

will dictate the range and precision of spectral tuning possible: 692 nm 

excitation is uncommon in Raman systems. Of course, the ideal case would 

involve a deduction of near-field activity and thus approximate SERS EFs 

based on a determination of oscillator positions and coupling strengths via 

(quick and easy) far-field measurements. This could open up the possibility of 

easily mass-produced, cheap SERS substrates for a variety of excitation 

wavelengths (and also corresponding to a de-excitation wavelength of the end 

user’s choice) with a competitive sensitivity-uniformity profile.  

 

3.10.3. Concluding remarks 

Are plasmon interactions forming Fano resonances? If a definition involving 

multiple resonances of any linewidth and coupling strengths is taken, yes. 

However, from the COM analysis it may be unwise to adopt such a broad 

definition: when the oscillators become too lossy and or too weakly coupled, 

the whole enterprise may be undermined. This analysis is a reminder that 

‘Fano resonance’ can cover a wide range of plasmon interactions. It may be 

that few experimental Fano resonant features correspond to the sharp, 

asymmetric shapes that are most associated with the term (appearing only in 

regimes where the resonances are sufficiently less lossy and strongly coupled). 

Thus, a more rigorous definition of Fano resonance may be required, perhaps 

constituting a sharp asymmetry as a mandatory feature and with reference to 

suitable resonator position and coupling parameters as described by a 

(classical) coupled oscillator analogue, or practically, some sort of quotient 

derived from two half-width, half maximum peak measurements on either 

side of the (asymmetric) Fano peak feature. 
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Then, do these Fano resonances result in higher SERS EFs? Yes. The 

enhancement at 700 nm period, 692 nm excitation (CV band 1617 cm-1) is ≈ 60× 

larger than the 692 nm enhancement for 750 nm  period nanodomes (or ≈ 52× 

when the number of participating nanostructures is accounted), which will 

have a similar nanostructure resonance (the geometry does not change and 

inter-structure interactions are not expected at the period distances 

investigated) but is far from the SPP wavelength. Contrariwise, the SERS EF 

at 700 nm, 692 nm excitation is ≈ 3.3x than at 600 nm period and 633 nm 

excitation despite the latter having ≈ 36% more nanodomes per unit area. The 

600 nm period, 633 nm excitation case is an example of SPP excitation but one 

far from the localised nanostructure resonance.  

 

This might be a good point to remind ourselves of the glut of Fano studies in 

the literature, but the seeming paucity of experimental SERS studies, despite 

sensors being the chief end. This is because it is a tricky business. Of course, 

other strategies may be employed to potentially better balance sensitivity and 

reproducibility/uniformity. One such approach may be to use an inherently 

poorly controlled bottom-up fabrication process (almost by definition!) and to 

try to find a way to ensure some control of regions of the redistributed surface 

plasmon fields. This is explored in Chapter 4. 
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4.1. Introduction  

4.1.1. Bridging the gap in the ‘SERS Uncertainty Principle spectrum’ 

In Chapter 3 it was argued that plasmon mixing could be employed to increase 

local electric fields (and hence SERS enhancement) on a (fairly) reproducible, 

top-down fabricated SERS substrate. An alternative strategy might be the 

reciprocal case, whereby an inherently less reproducible, bottom-up 

fabricated SERS platform is used with an effort to improve the uniformity of 

signal across the substrate. 

 

Nanopillars (nanorods, nanoposts, nanowires, etc.) may be considered a 

textbook SERS substrate [1–28]. High aspect ratio, flat-lying gold nanorods (on 

planar gold) serve as a SERS platform and have been investigated in a SERES 

study independently at QUB (work in progress), showing some enhancing 

properties and interesting formations (Figure 4-1(c)). Štolcová (2015) has 

presented a Raman-SEM correlative (RISE) study as a function of the z-axis 

(‘depth’) (see Chapter 3, Figure 3-16) on overlapping fibrous structures, 

demonstrating high plasmonic activity at cross-over points [29]. Shorter 

prostrate nanorods have been explored elsewhere [24]. They are not the focus 

Figure 4-1. Nanopillars for SERS. (a) Oblique angle deposition (OAD) for tilted, 

silver nanopillars (Šubr, 2015). (b) Vertically aligned, granular, silver-coated, 

multi-walled carbon nanotubes (MW-CNTs) (Dawson, 2011). (c) Optical image 

of flat 6 µm long nanowires (Nanopartz Inc.), SERES study in progress at QUB. 
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here and all further discussion in this chapter will involve vertical pillar 

structures, of which a brief literature survey is now given.  

 

4.1.2. Vertically aligned nanopillars for SERS in the literature 

Doherty (2010, 2013) has investigated the correspondence between plasmonic 

activity in the near-field through numerical modelling, far-field reflection, and 

effect on experimental SERS signals in studies of erect, gold nanopillars [8,14]. 

It was shown that some plasmonic modes (a cavity mode between nearby 

pillars in this study) may be of ‘near-field character’ and can play a significant 

role in SERS (EF magnitude and maximum EF spectral position) despite little 

Figure 4-2. Leaning nanopillar substrates: (a) Liquid is applied to the 

substrate containing the analyte. This is important to achieve maximum 

EFs by allowing as many analyte molecules as possible to find the hot-

spot regions between the pillar tops/caps. (b) Surface tension causes 

nearby pillars to bend together and form hot-spots, some of which the 

analyte molecules will find. (c) Nanopillar micrograph at 30º angle pre- 

application of liquid and (d) post-application where leaning is visible. 
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or no far-field signature; such discrepancies 

have been discussed more recently by Kurouski 

(2017) [30] and summarised in Henry (2017) [31]. 

 

Based on earlier fabrication work by Chaney 

(2005) [23], Šubr (2015) reports high-angle 

leaning rods produced by oblique angle 

deposition (OAD), which makes use of self-

shadowing in the fabrication process [18]. 

Driskell (2008) reports typical lengths between 

800 nm and 900 nm and diameters between 80 

nm and 90 nm [3]. 

 

Dawson (2011) has also used angular deposition 

in granular silver multi-walled carbon 

nanotubes (MW-CNTs), but in this case merely 

to metallise already fabricated and vertically 

aligned carbon nanotubes (CNTs) at a relatively 

small angle (15°) [9]. They determined a need for 

hot-spots to explain the experimentally 

observed SERS EF, and indeed different kinds of 

hot-spots, one of which being that between the 

tops of adjacent pillars bending towards each 

other under capillary forces in applied drying 

solution [32]. Raziman (2018) conducts a similar 

study on multi-walled carbon nanotubes (MW-

CNTs) that do not likewise converge to form hot-

Figure 4-3. Fabrication of 

nanopillars, from maskless 

reactive ion etch (a),(b) to 

metallisation (c),(d). 

Details in text and in ref. 

[1]. 
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spots [21]. This and other particularly pertinent works will be referred to again 

subsequently as appropriate. A review of nanopillar structures for use in SERS 

has appeared recently (Oh, 2016) [13]. 

 

In 2012, Schmidt reported SERS on co-leaning, high rugosity silicon 

nanopillars coated with silver [1] such as those shown in Figure 4-4. Since 

Figure 4-4.  Analysis of (a) heights (including caps) and (b) densities of the 

nanopillar samples. Micrographs (a) (i-vi) are at 30º angle to the normal and 

micrographs (b) (i), (ii) and (iii) are bird’s eye views. All scale bars in (a) (i-vi) and 

(b) (i), (ii) and (iii), represent 1 µm. Note, no data is available for the 0 W, 3 minute 

sample as the high density of nanopillars, often amalgamated (b)(i), rendered the 

task of measuring heights from an angled SEM image impossible. As with the 

other ‘3 min’ samples, a height of 0.55 µm is assumed. 

 

Black numbers are the actual bar values, blue error bars represent one standard 

deviation, and percentages (purple and white numbers) are the respective relative 

standard deviations (RSD). 50 W series samples are designated sample numbers 

(red numbers) and are referred to as such subsequently. 
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these structures are the basis for the work in this chapter, further background 

is given. 

 

The structures, having a silicon base, are designed to fall towards adjacent 

pillars upon the application of a SERS analyte in solution. The solvent, 

typically water, imposes tensile forces on the pillars. The platform, therefore, 

has the unique property of being a dynamic SERS environment: because the 

analyte molecules are part of the solution, naturally some of the target 

molecules will find their way into the smallest crevices between neighbouring 

pillars as they clump. Indeed, Schmidt (2012) shows that pre-leaned pillars 

that have analyte molecules applied after clumping, provide lower SERS 

signals, some 4.5× smaller than when the pillars are caused to lean post-

analyte application [1]. In the original study, an RSD of 8% and a maximum 

SERS EF of 2 ×106 have been reported.1 In a new optimisation study, Wu (2017), 

reports an RSD as low as 2.5% on similar, silver capped structures [2].2 This 

may offer promise that a nano-architecture, albeit hot-spot dominated, may be 

relatively uniform in terms of SERS signal if the density of hot-spots can be 

controlled. Also, an impressive batch-to-batch RSD of 1.5% has been claimed 

[2].  

 

Precise control of nano-gaps is very desirable in SERS [33], perhaps typified 

nowadays by a focus on SERS in a scanning tunnelling (STM) or atomic force 

microscopy (AFM) set-up (tip-enhanced Raman spectroscopy [TERS]) [33].  

                                                           
1 Schmidt (2012) adds that this EF value could be considered as high as 2 ×1011 (!) if only the 
molecules, Raman dye BPE in this case, between abutting nanopillar gaps are considered [1]. They 
use the same EF calculation as we do in our works as indicated in the supplementary information of 
ref. [1]. 
 
2 3.1 µm diameter spot size at 780 nm excitation wavelength. 
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Recent studies of ‘nanoparticles on surfaces’ have also appeared in Marshall 

(2017) and Katzen (2018), which look at (single) molecule orientation 

determination [34] and the nature of a 2D spacer layer via an optical approach 

[35,36], respectively. The nanopillars concerned here may be another avenue 

to achieve such an aim (control of small gaps). 

Figure 4-5. (a) Characterisation of mean dimensions of 

nanopillar caps (numbers are aspect ratio), (b) subsequent 

(sample) standard deviation, (c) % RSD. (d) shows the cap 

height as a percentage of the total pillar height (dark blue 

numbers). 
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 Many recent, subsequent studies involving the Schmidt (2012) structures, 

with an application drive, have since appeared [2,20,37–52]. This includes 

Yang (2013), who investigates functionalised nanopillars for vasopressin3 

(ADH) detection [45], and Castillo (2014) who observes folic acid (vitamin B9) 

detection, which may be useful as a carrier to deliver drugs to malignancies 

(which overexpress folate receptors) [46]. Meanwhile, Wong (2014) presents 

identification of volatile organic compounds (VOCs) using such nanopillar 

structures [47] and lately, Morelli (2017) has communicated detection of  E. coli 

incorporated with a microfluidic supported liquid membrane (SLM) 

extraction technique, which may be of special interest in SERS where there is 

importance in reducing competition of contaminant molecules with analyte 

molecules at the SERS surface area [41].4 These various works are in keeping 

with a more general trend where SERS is finding itself as increasingly useful 

in bio-analytical and medical applications [53].  

 

The study here is a follow-up on the same Schmidt (2012) structures [1] but, 

among other details, involves a multi-wavelength (SERES) experimental 

analysis, with varying structural parameters, and a consideration of the effect 

upon which the solvent-nanostructure interaction has on the SERS signal. This 

may be an overlooked question whenever drop-casting is used in SERS 

studies. In contrast to the silver metallisation used in the original study and 

most others, here gold is employed as the plasmonic metal. 

 

                                                           
3 Or antidiuretic hormone (ADH), which controls the osmolality or concentration of dissolved 
particles in extracellular fluid. 
 
4 Here, the SLM contributes a 13-fold increase in concentration at a 10 μL/min flow rate. 
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Figure 4-6. Raw SERS spectra for (a) CV and (b) R6G for 50 W, 3 min 

nanopillar sample (0.54 μm height) at different excitation wavelengths: 

594 nm (grey line), 633 nm (red line), 671 nm (blue line), 692 nm (green line) 

and 780 nm (yellow line). Spectra for 594 nm, 633 nm, 671 nm and 780 nm 

multiplied due to low signal (not necessarily low SERS enhancement).  

 

Spectra offset for clarity. Key Raman shifted bands labelled with arrows. All 

spectra are manually flattened. 
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4.2. Fabrication and characterisation experiments 

4.2.1. Nanopillar fabrication  

The nanopillars were fabricated as in refs. [1,2]. This process is a maskless 

reaction ion etch with sulphur hexafluoride (SF6) on silicon (Figure 4-3).5 This 

has two advantages. Firstly, there is a clear economic advantage from the 

removal of a lithographic step. Secondly, it is difficult to produce nanopillars 

on the micrometre scale via usual silicon processing.6 The coil electrode power 

is prescribed (0 W, 20 W, 50 W), and the etch time is set (3 – 8 minutes) (Figure 

4-4) [1]. The growth rate is approximately 3 nm/s. O2  in the fabrication 

chamber acts as a passivation layer, thereby facilitating the growth of high 

aspect ratio structures [54]. 

 

Following this, the silicon is then subjected to an argon clean to remove SF6 

and decomposition product residue, before the pillars are then metallised, 

here through thermal evaporation of gold (200 nm, normal incidence) to 

produce capped structures. Wu (2015b) reports changes in thickness (silver) 

in a numerical study on a similar system although this appears to have little 

effect bar altering the positions of constructive and destructive bands on the 

substrate (see Figure 4-9) [17]. Previously, Wu (2015a), had also claimed 

alterations in pillar cap shapes (elongations) with the incorporation of an O2 

plasma etch step [16]. This may be useful in plasmon tuning within the 

structures; however, the effect that this additional stage has on the leaning 

(hence clustering) of the pillars will need to be considered concurrently. The 

                                                           
5 This is not to be confused with a chemical wet etch that targets specific crystalline planes 
(anisotropic etching). 
 
6 A deep reactive ion etch (DRIE) can expect a maximum depth of ~ 500 μm. 
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incidental variation of such cap dimensions in the study here is described in 

Figure 4-5. 

 

4.2.2. Characterisation 

There is a variation in density with nanopillar height that is associated with 

the fabrication procedure. In addition, pillars of approximately constant 

height and (a more major) variation in density were analysed. This 

information is displayed in Figure 4-4. All height and density measurements 

were determined via mean SEM measurements. These parameters are 

important because the abutting pillar tops are postulated to be region of the 

main SERS enhancement. There is, however, still significant variation in cap 

dimensions in any one sample and what is more, different nanopillar samples 

have different degrees of variability (Figure 4-5(b)(c)): for example, for the cap 

width, 5% RSD in Sample 5 and 18% RSD in Sample 2. 

 

4.2.3. Dye preparation and measurements 

Initial concentrations of 1 µM CV and 2 µM R6G at 4 µL volume7 were applied 

(CV Raman-scatters more strongly than R6G) via drop-casting with a 

micropipette to achieve sub-monolayer coverage. However, these 

concentrations yielded erratic Raman signals, and thus, all data presented here 

concerns the 10 µM concentration solutions (used for both CV and R6G) that 

were used subsequently. A ‘zonal spot method’ was employed in 

measurements, where different regions of the dried drop-casted area were 

allocated to different (wavelength) measurements. This approach arose from 

concerns that the same region (line-rastered) might be sampled more than  

                                                           
7 Post-experiment analysis suggests that this volume is 3.75 µL ± 0.2 µL.  
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once (and hence photobleached somewhat and give a lower SERS signal less 

indicative of the plasmonic performance of the substrate). This is a problem 

unique to the case whereby multiple areas are being measured (and the signal 

averaged) for different excitation wavelengths with limited samples. The 

downside of this technique is that the uneven distribution of the molecular 

spread may cause over- and underestimation of the SERS signal for specific 

wavelengths.8 

                                                           
8 Uneven molecular coverage due to due to drop-casting (and subsequent capillary forces on the 
drying droplet) is a general problem. This is arguably the largest source of error in the experiments 
presented here but our studies of coffee rings (Chapter 6, Figures 6-2, 6-4) suggest that it maybe 

Figure 4-8. Experimental far-field optical reflection data on the various 

nanopillar substrates with (a) varying heights and densities and (b) varying 

density (only). Grey line in (b) represents the reflectance from planar gold. The 

permittivity of gold across the visible spectrum has been presented in Figure 1-8. 
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4.3. Core experiments 

4.3.1. Experimental SERS 

Introductory Figure 4-6 displays raw SERS spectra (i.e. without reference 

Raman intensity consideration) for CV and R6G across five excitation 

wavelengths: 594 nm, 633 nm, 671 nm, 692 nm, and 780 nm. The low-noise 

spectra ensure accurate determination of peak heights. The spectra have been 

manually flattened. This was a fairly simple manipulation (owing to minimal 

background signal interference) and most spectra consequently appear fairly 

flat. The main SERS data is presented in Figure 4-6. It is observed that 

excitation wavelengths of 780 nm and 692 nm perform much better (EFs 104 – 

105) than those at 671 nm and 633 nm (102 – 104). This may be partly because of 

the wavelength variation in the optical properties of gold (Chapter 1, Figure 

1-8). Predictably then, an excitation of 594 nm typically results in SERS EFs up 

to only 102. SERES trends for an individual molecule are consistent for the 

most part (across different Raman bands), the differences being confined to 

the range of EF magnitudes.  

 

Across the two molecules, similar patterns are observed but with some notable 

differences, most visibly the discrepancy in performance between CV and R6G 

for the longest nanopillar sample (for all wavelengths). In addition, there is 

some magnitude difference when studying (similarly Raman-shifted) Raman 

bands. Both CV and R6G have a Raman band ~ 1185 cm-1 but EF discrepancies 

of 2 – 3× are often present. Through a series of numerical and supporting 

experimental studies, these patterns in the SERES data are now discussed. 

                                                           
difficult to assign an error larger than a factor of 2 to any measurement. Other errors include minor 
contributions from out of focus Raman measurements and background signal hampering the 
accurate estimation of peak height, but it would be generous to cumulatively give these sources of 
error an uncertainty, say, as high as a factor of 2. 
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4.3.2. Experimental optics 

Experimental far-field reflection data (Figure 4-8) does not reveal information 

about the participating plasmonic modes in the system. This is unsurprising 

because the substrate is a hot-spot dominated system: it is postulated that the 

participating modes are localised in gaps between pillar caps and not of ‘bulk 

character’ [9,14]. The shortest and most dense nanopillars (Sample 50 W 3 min) 

reflect the most (Figure 4-8). This is intuitive because this sample provides the 

smallest areal increase factor from the planar comparator at around 2×; other 50 

W series samples range circa 2.5 – 4× (see Figure 4-24(b)).9 However, the 

percentage reflectance from samples of the same density (Figure 4-8) is 

comparable suggesting that it is the heights of the structures rather than the 

density or areal enhancement that is causative of reduced reflection. This may 

be due to the excitation of stem modes (Figure 4-9). 

 

                                                           
9 This is based on (mean) measurements from SEM micrograph data except the pillar stems, where 
diameters are simply approximated as 80 nm. 

Figure 4-9. (previous page) Isolated pillar 3D FEM models for the five 

excitation wavelengths (a)-(e) at the different nanopillar sample heights 

(i-vi), as specified in Figure 4-4 (and listed at top of figure). Pillar caps are 

100 nm × 100 nm × 300 nm gold, stems are silicon, and substrate is gold.  

 

All models are on the same dimensional scale as indicated in (a) and have 

the same electric field scale (figure bottom). Dashed red and black boxes 

in (b)(vii) and (d)(vii) correspond to dashed regions in (b)(iv) and (d)(vi) 

respectively.  

 

Coloured bars show relative electric field. 
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4.4. Numerical modelling 

4.4.1. 3D isolated and leaning structures 

First, isolated pillars are extensively examined for the various heights and at 

the specified excitation wavelengths (Figure 4-9). Pillar caps have been set to 

100 nm × 100 nm × 300 nm, which correspond to the dimensions for the 

shortest nanopillars; subsequent models could be refined to accurately 

represent the different cap sizes for the different pillar samples. Nevertheless, 

the models are useful to get a feel for the plasmonic response of the 

architecture. The models in Figure 4-9 are plotted on the same electric field 

scale to make cross-comparison easy; to elucidate the activity at 671 nm and 

780 nm, the same plots are rescaled in Figure 4-10. 

 

Figure 4-10. Rescaled 671 nm and 780 nm isolated nanopillar FEM plots, 

which are otherwise the same as in Figure 4-9. (a) for 671 nm and (b) for 780 

nm excitation wavelengths, with varying pillar heights (i-vi). Coloured bars 

show relative electric field. 
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It is interesting to note that some of the models display much more of an 

antenna response than others and with very different plasmonic texturing 

(dashed red and black boxes in Figure 4-9(b)(vii), (d)(vii)). Curiously, the 780 

nm excitation wavelength modelled data set show a comparatively weak 

plasmonic response, which underlines that the primary enhancement 

mechanism of the Raman signal from these pillars does not originate from 

isolated structures. Indeed, this is apparent from the generally low enhanced 

plasmonic electric fields across all isolated FEM models. It is also clear how 

alignment between the nanopillar caps and constructive interference bands 

may lead to an enhanced plasmonic response at the top of the pillar, a point 

that is revisited following modelling of the (abutting) pillar caps, believed to 

be the main Raman-enhancing region. 

 

 

Figure 4-11. FEM of ellipsoid-capped 0.54 µm 

nanopillar at 780 nm excitation. 
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Figure 4-12. Simple FEM modelling of nanopillar caps. (a) a ‘gap’ model and (b) a 

‘coalescing’ model. 
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In a supplementary analytical model, a 130° phase shift is assumed at the 

planar gold base interface and the regions of constructive interference are then 

plotted in Appendix B (Figures B-1, B-2) as ‘zero points’ for excitation 

wavelength corresponding to experiment. In the Appendix B analytical 

model, no pillar caps are considered.  

 

Figure 4-15. The relative contributions for the various 

gap sizes (from the gap model) to the SERS EF based on 

the FEM electric field data in Figure 4-13 and 4-14  

(E4 approximation), for excitation wavelengths of 780 nm 

and 692 nm in (a), and 671 nm and 633 nm in (b). Plots 

assume equal numbers of all gap sizes present in the 

sample. Normalised so that data for each series 

wavelength equals 1. 
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As is intuitive, these 

models make it clear that 

interference effects in 

erect plasmonic systems 

with a substrate are real. 

This is visualised by the 

light and dark bands in 

the numerical models 

(Figure 4-9). However, 

precise correspondence 

between the FEM data 

and experiment is elusive. 

It is interesting to note 

how (even) the 

underestimated pillar 

caps perturb the proximal 

interference bands. This 

may be observed with 

even more clarity in a 

larger ellipsoidal FEM 

model (Figure 4-11), underlining the importance of greater fidelity in 

subsequent numerical analyses. Indeed, Raziman (2018) notes ‘capping’ of 

their MW-CNT structures tends to focus energy in this region thereby 

enhancing the overall SERS signal [21], while Wu (2015b) has emphasised the 

importance of the ‘cavity mode’ lying at the base of the pillar caps in the 

overall enhancement [17]. Further, significant hot-spots can arise in the 

shadowed gaps at the pillar bottoms arising from the thermal evaporation 

process (not shown). This has been noted elsewhere as a significant 

contributor to the overall SERS signal in an ordered nanopillar system by 

Figure 4-16. Gap-normalised FEM modelled 

data (normalised so that data for each series 

gap size equals 1) from (a) the gap dimer model 

and (b) coalescing model. Normalisation here 

allows comparison to experimental SERS (Figure 

4-17 and 4-18). 
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Caldwell (2011) [10]. In a simplified analysis, with a view for an improved 

experimental-model agreement, the plasmonic interaction between pillar tops 

is now examined through further numerical studies. 

 

4.4.2. Simplified 2D numerical dimer representation of nanopillar caps 

The pillar tops, believed to be the region of maximum electric field strength, 

are modelled with a simple dimer arrangement as a function of gap size 

(Figure 4-13) and at the laser wavelengths (Figure 4-14). For economy, this is 

performed as a 2D FEM model (normal excitation) and at one size, namely 200 

nm × 800 nm diameter corresponding to the largest cap dimensions observed 

(Figure 4-5(a)). As a function of changing excitation wavelength (constant gap 

size of 2 nm), the results are intuitive: larger wavelengths produce larger 

spaces between adjacent nodes. The relative electric field strength is larger for 

redder wavelengths, as the experimental SERS data would suggest should be 

the case.10 

 

At a constant excitation wavelength (692 nm) and varying the gap size from 

1.5 nm – 3.5 nm, the numerical data is again intuitive. Smaller gaps produce 

more intense plasmonic gap modes and greater nodal spatial density.11 But do 

these simple models correspond to experiment quantitatively? 

                                                           
10 E4 calculations. 124 ~ 20,000; 164 ~ 65,000; 204 ~ 160,000. 
 
11 As an interesting aside, this is not progressively the case until nanostructure coalescence. At small 
gaps (~ 1 nm) quantum tunnelling can cause a charge transfer plasmon mode to exist in the system 
(and thus a weakening of the near-fields and subsequent SERS signal). This process has been 
modelled recently with a so-called quantum corrected model (QCM), as has been reported in refs. 
[72–75] and discussed by Baumberg (2015) [76]. The QCM, which allows simulation of electron 
tunnelling classically via a numerical approach (specifically, involving the insertion of an effective 
medium between the participating structures), is used by Zhu (2014) [74] to explain far-field  
scattering spectra in a dimer system, somewhat replicating a truncation in the bonding dipolar mode 
as is not otherwise apparent in the ‘ordinary’ EM numerical simulation. The model, however, has 
attracted some criticism from Dawson (in Baumberg [2015] [76]), who notes the artefactual nature 
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Figure 4-15, which assumes equal numbers of 1.5 nm, 2.0 nm, 2.5 nm, 3.0 nm 

and 3.5 nm gap sizes, underlines the importance of small gaps in the SERS 

enhancement for 780 nm excitation wavelength: here, around 40% of the total 

signal originates from a 1.5 nm gap (and almost a further 25% from the 2 nm 

gap) (solid blue line, Figure 4-15(a)). In contrast, the 1.5 nm gap in the 692 nm 

excitation data set (solid red line, Figure 4.15(a)) only accounts for around 27% 

of the enhancement within the 692 nm data set. Therefore, the ‘gap profile’ 

(the relative proportion of gap sizes present) of the leaning nanopillars in any 

one sample could easily account for the differences observed in EF 

magnitudes between wavelengths of 692 nm and 780 nm. The E4 calculations 

in Figure 4-15 are based on a 1 nm-thick integration shell around one of the 

dimers as portrayed in Figure 4-12(a) (and as is indeed visible in Figures 4-13 

and 4-14). This value is calculated for one nanostructure and then multiplied 

by a factor of two. The model predicts 692 nm and 780 nm as the best excitation 

wavelengths, as experiment suggests, but not by a comparably wide margin 

(looking at the 1.5 nm gap data for 692 nm and 780 nm wavelength, versus 671 

nm and 633 nm wavelengths: difference ~ 10× for experimental data and up to 

2× in simulated data, therefore disparity ~ 5×).12 

 

𝑛𝑜𝑟𝑚.  𝐸𝑠𝑐𝑎

𝑛𝑜𝑟𝑚.𝐸𝑖𝑛𝑐
=  

𝑛𝑜𝑟𝑚.  𝐸𝑡𝑜𝑡 − 𝑛𝑜𝑟𝑚.𝐸𝑖𝑛𝑐

𝑛𝑜𝑟𝑚.  𝐸𝑖𝑛𝑐
                              (4.1) 

  

                                                           
of the use of an effective medium to describe an inherently lossless process (tunnelling). Control of 
such gaps have recently been explored by Mertens (2013) using graphene [36], the thickness of 
which may be determined via contrast microscopy [35]. 
 
12 An additional source of error when modelling on these (nanometric) scales are non-local effects. 
This is when the charge becomes less confined to the surface (having more of a ‘volume character’), 
extending into the nanostructure. This avoids a singularity but lowers the LFIEF and thus resulting 
SERS EF [77]. 
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Figure 4-17. (a)-(g) Normalised R6G experimental SERS data for the 50 W 

series of nanopillars (Figure 4-4) for different Raman bands. Red-lined data 

correspond to the tallest pillar samples, which also have the largest cap 

dimensions (detailed in Figure 4-5), hence should correspond best to numerical 

modelling (in Figure 4-16). 

 

Data normalised across wavelength range (i.e. data across wavelength range 

for any one pillar height all add to 1) to allow easy comparison with model 

(Figure 4-16). Partly replotted from Figure 4-7. 
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Figure 4-18. (a)-(g) Normalised CV experimental SERS data for the  

50 W series of nanopillars (Figure 4-4) for different Raman bands.  

Red-lined data correspond to the tallest pillar samples, which also have 

the largest cap dimensions (detailed in Figure 4-5), hence should 

correspond best to numerical modelling (in Figure 4-16). 

 

Data normalised across wavelength range (i.e. data across wavelength 

range for any one pillar height all add to 1) to allow easy comparison 

with model (Figure 4-16). Partly replotted from Figure 4-7. 
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𝑆𝐸𝑅𝑆 𝐸𝐹 ~ (
𝑛𝑜𝑟𝑚.  𝐸𝑠𝑐𝑎

𝑛𝑜𝑟𝑚. 𝐸𝑖𝑛𝑐
)

4

                                             (4.2) 

 

A coalescing model has also been studied (Figure 4-16(b)). This simulation 

suffers from a much more ill-defined integration box region at the upper 

crevice of the amalgamating caps (Figure 4-12(b)) and thus undermines cross 

comparisons between (gap and coalescing) models, but it is still useful to 

analyse the data confined within the coalescing model itself. Interestingly, 

here it may be seen that more compressed nanostructures may not always 

support the strongest plasmon resonances for every wavelength: a coalescence 

of -1.5 nm (depicted in Figure 4-12) is best for SERS when excited by 692 nm 

laser, performing relatively poorly at 780 nm. 

 

4.4.3. Comparison of patterns in experimental SERES and FEM models 

A comparison with experiment may now be made with the SERS experiment 

by comparing EF trends. Some tentative comparisons may be made: the -2.0 

nm coalescing model numerical data set (red line, Figure 4-16(b)) has some 

resemblance to the relevant R6G experimental SERS EF trends (red lines, 

Figure 4-17(a)-(g)). The experimental trend for CV displays larger EFs for 692 

nm than at 780 nm (Figure 4-18(a)-(e)), meaning a more ‘gappy’ regime, 

perhaps the 2.5 nm-sized gap scenario (green line, Figure 4-16(a)), might be a 

better explanation as the dominant arrangement. Alternatively, the -1.5 nm 

scenario in the coalescing model (yellow line, Figure 4-16(b)) also predicts the 

largest enhancement at 692 nm, as aforementioned. A weighted numerical 

model, where the relative number of the gap sizes is altered, has also been  
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Figure 4-19. 3D leaning nanopillar models for 2 µm tall structures at (a) 

633 nm, (b) 671 nm, (c) 690 nm, and (d) 780 nm excitation wavelengths. 

(d)(ii) shows 780 nm case at tilted angle with close-up (d)(iii), and bird’s 

eye view in (d)(iv). Cap size is 100 nm × 100 nm × 300 nm. 

Electric field 

Electric field
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studied, but it is difficult to provide a better concurrence (not shown). This is, 

in fact, clear from Figure 4-16(b) because predicted EFs for wavelengths of 633 

nm and 671 nm are never sufficiently low enough relative to those predicted 

for 692 nm and 780 nm, as is the case in the experiments. There is furthermore 

a clear shortfall in the SERS EF (102 – 103 compared to 104 – 105 in experiment, 

at best). Therefore, it may be useful to consider how the results from these 2D 

dimer models might be modified to provide a more realistic plasmonic 

environment. 

 

4.4.4. Interference effects 

It is clear from numerical studies on isolated structures (Figure 4-9) that 

interference exists between incident and reflected light from the planar gold 

substrate, which depending on the specific height of any one pillar sample, 

may enhance the hot-spots between adjacent pillar caps (should they fall 

within a band of constructive interference). This is now examined numerically 

in Figure 4-19 in a 3D four-pillar leaning arrangement with prolate caps of 

dimensions 100 nm × 100 nm × 300 nm, similar to the earlier isolated models 

(Figure 4-9). 

 

Figure 4-19 displays FEM models for 2 µm tall pillars at 633 nm, 671 nm, 690 

nm and 780 nm excitation. In contrast to the (2 µm-tall) isolated pillar cases 

(Figure 4-9(a)(vi), (b)(vi), (c)(vi), (d)(vi), (e)(vi)), where 780 nm excitation 

appears to cause the least electromagnetic field concentration within the 

architecture (also see Figure 4-10, where the Figure 4-9 data for 780 nm 

required rescaling), now 780 nm appears to localise the incoming 

electromagnetic energy more effectively (Figure 4-19 (d)(i-iv)), up to ~ 10× (E4 
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thus 104) despite a modest cap spacing between this particular four-pillar 

system ~ 100 nm.  

 

Therefore, these perturbations can explain the (relatively) small EF 

undulations between pillar with different heights. And quantitatively, the 

conclusion is clear: if the constructive interference effect can increase the field 

localisation by a factor of 10 in this regime over the isolated case, then a much 

greater increase may be expected when considered in conjunction with the 

previous discussion on nanometric-sized gaps in the dimer system.13,14 These 

interference effects may also be explored analytically and are included in 

Appendix B. 

 

4.4.5. Further comment on experiment-model quantitative differences 

Regarding the quantitative discrepancy, there are other explanatory options 

available. Most likely is the preferential localisation of analyte molecules 

between pillars. The dimer model averages 1 nm around each pillar cap, but 

it may be that in reality, a higher density of molecules finds a resting place in 

the cavities between adjacent pillars, hence increasing the observed SERS EF. 

For example, the maximum LFIEF observed for a 1.5 nm gap at 692 nm 

excitation in the dimer model is approximately 19 (Figure 4-14(a)(i)). This 

corresponds to an EF of 1.3 ×105 (194), which almost covers the observed 

experimental SERS EF range. 

                                                           
13 The 2D FEM dimer system model does not allow for substrate reflectance, instead having a 
bottom exit port where impinging EM waves are removed having traversed the nanostructured 
region. 
 
14 The opposite is also true: pillars corresponding to a band of destructive interference will see a 
quenching of the electromagnetic field and subsequent measured SERS EF. 
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Some of the peculiarities in the experimental data may also warrant some 

discussion. For example, the anomalously low SERS EF measured for the 0.54 

µm-tall pillars at 633 nm excitation. Here, as with other small pillar samples, 

there is minimal leaning15 (despite a relatively high nanostructure density), 

and hence it may be that the corresponding isolated nanopillar FEM model is 

most applicable (Figure 4-9(b)(i)). This experimental scenario is 

unambiguously in one of the destructive interference bands, which may have 

proved detrimental to the measured SERS signal. Moreover, no isolated 

models predict significant SERS enhancement (Figure 4-9). Alternatively, 

being the first set of measurements taken (and therefore multiple initial 

measurements), the sample may have suffered some photobleaching, 

although this is less likely when using R6G. 

 

Also, of concern are the discrepancies between molecule EFs: this means that 

the SERS EFs measured are not purely of electromagnetic (plasmonic) origin, 

although, as will be explained, this does not necessarily suggest chemical 

effects. Solute/solvent-specific effects are now considered. 

                                                           
15 Verified by SEM. 

Figure 4-20. The contact angle of 2 µL droplets on two different nanopillar 

samples (a) and (b). Photo credit: Reyad Mehfuz. 
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4.5. Hydrophobic variations 

4.5.1. Background 

Variations in substrate-solution interactions have been noted in the nanopillar 

samples for the various heights and densities. In their SW-CNT forest samples, 

Zhang (2009) concludes that roughness on the nano- and micro-scales 

supports the greatest hydrophobicity [55]: this is not surprising being 

precisely what the famous hydrophobicity Wenzel and Cassie models predict 

[56,57].  Martines (2005) reports a similar agreement with hydrophobic 

theories, but in an organised, relatively low aspect ratio (1 – 8) and small-

pitched (300 nm) nanopillar array. Hydrophobicity in nanopillar structures is 

hence not new, but it may be that studies in the context of SERS are lacking, 

with few examples in the literature [11,12,15]. In the context of nanodome 

SERS substrates where very little difference was observed between samples 

(Chapter 3, Figure 3-15), this has been discussed in terms of dried spot area. 

Here, however, contact angle measurements have been made, as is more usual 

in hydrophobicity studies. The contact angle (Figure 4-20) is the angle of 

incline between the curved droplet and the surface at the point of contact with 

that surface. Usually, this measurement is made with a goniometer but here 

the measurements have been made (carefully) by eye with reference contact 

angle images. The error is therefore much larger, as is reflected in the plotted 

values in Figure 4-24(a). Nevertheless, it is suitable for a rudimentary 

investigation. 

 

4.5.2. Experimental SERS and varying nanopillar density 

Because there are variations in density (as well as height variation) inherent in 

the (main) 50 W nanopillar series, it is necessary to investigate nanopillar 



Kissing nanopillars 

224 
 

samples where the height is kept constant. In a follow-up SERS study, this is 

now achieved with the 0 W 3 min and 20 W 3 min samples, as well as the same 

data from the 50 W 3 min sample in the main study. The respective densities 

of these samples have been summarised in Figure 4-4(b). 

 

The SERS results from the same-height samples are displayed for two CV 

bands in Figure 4-21(a)(b). Curiously, the lowest density sample (12.9 

pillars/µm2, green line, Figure 4-21(a)(b)) gives the largest SERS EF. The lower 

SERS EF for the densest sample (46.5 pillars/µm2, orange line, Figure 4-21 

(a)(b)) is unsurprising seeing that the pillars are seemingly already 

amalgamated at this density (i.e. before any molecules are applied) (Figure 4-

4(b)(i)). The implication here is that the analyte molecules cannot access the 

smallest crevices between pillar caps. However, this does not explain the 

relatively low SERS signal for the middle-density nanopillar sample. There are 

several possible explanations for this observation.  

Figure 4-21. SERES spectra for CV bands (a) 443 cm-1 and (b) 1185 cm-1. Proposed 

(colour-coded) interpretations of the highest density ((c), purple) and lowest 

density samples ((d), green). Legend in (a) and (b) has units of pillars/μm2. 



Kissing nanopillars 

225 
 

 

1. Near-field interactions can be considered analogous to Wei (2016), who 

show a non-monotonic increase in SERS EF as the packing density is 

increased in an ordered small aspect ratio nanopillar array [19]. 

Similarly, as the structure pitch decreases here, it may be that the 

plasmons of neighbouring nanopillars interact in such a way as to 

lower the electric fields; however, this is infeasible as a justification: the 

enhancement mechanism is between abutting nanopillar caps,16 not 

adjacent nanopillar stems. 

 

2. The reduction in SERS EF may be as a result of the almost super-

hydrophobic interaction between the solution and substrate for the 23.6 

pillars/µm2 and 46.5 pillars/µm2 samples (purple and orange lines, 

Figure 4-21(a)(b)). Figure 4-21(c) and (d) illustrates two possible 

regimes: one where the solution (mostly) sits on top of the 

nanostructures and another where it is much more pervasive.  

 

The discussion is speculative because large contact angles do not 

necessitate air gaps. Instead, a ‘rose petal’ arrangement with large (> 

150°) contact angles and a fully pervasive liquid (no air gap) may exist 

[58]. Bhushan (2010) has recently highlighted further complexity when 

considering textured nanostructures (i.e. two-level roughness), where 

a variety of arrangements may exist [58]. 

 

                                                           
16 And the pillars’ abutting appears visibly similar across the sample, the main difference being the 
exact number of pillars in a cluster. 
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Hakonen (2015) has studied nanopillar structures, also fabricated in 

DTU and of similar height (~ 0.6 μm) to the shortest structures in this 

study (0.54 μm). Using 10 μL drops of water, they observed that the 

drops rolled off with a 10° tilt angle, indicating low surface adhesion. 

They note, however, that if the sample is not tilted upon application 

and the droplet is momentarily left to sit upon the surface, then drop 

will no longer move upon tilting [52], in fact remaining fixed even if the 

sample is inverted. The Hakonen (2016) structures appear to be 

relatively densely packed (~ 60 pillars/μm2)17 whereas the 0.5 μm pillars 

in our study are at most 47 pillars/μm2 (0 W 3 min sample). More 

pertinently, our drop sizes are 4 μL (10 μL in Hakonen (2016)), and it is 

quite clear that the addition of the Raman dye molecules, even in 

minute concentrations, can have a marked effect on the wetting 

properties  (see Figure 4-25).  

 

The upshot of this is then that more experiment is needed (on 

nanopillars with the specific parameters in our study) to better assess 

the wetting properties. The presence of an air gap affecting SERS EF 

however, remains a possibility. 

 

 

3. A third option, also related to the hydrophobic response, considers the 

nature of the molecular density in the respective drop-cast regions on 

each sample. A more hydrophobic solution-sample interaction will 

result in a more uniform molecular spread (fewer perimeter 

multilayers). This is because the more solution-air interface is exposed 

in this regime and thus the droplet will dry faster. In turn, this permits 

                                                           
17 Measured from SEM in ref. [52]. 
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less time for any one analyte molecule to move towards the periphery 

(Chapter 6, Equation 6.1).  

 

 

Because the typical CV sampling protocol involves rastering across the 

drop-casted region for 20 s from the dried spot periphery, a more 

uniform molecular surface distribution could actually result in a lower 

signal observed.18 Normally in SERS studies, less multilayer deposition 

actually will result in a higher signal because SERS is a short-range 

effect (and multilayers hence benefit from SERS less). However, this is 

contingent on a sizeable region of the drop-cast area being measured 

(as opposed to a short scan from the periphery). This concern is briefly 

discussed amongst the concluding remarks in the more general context 

                                                           
18 Really, the question here is ‘what impact do second and third layers of analyte molecules have on 
the SERS signal?’ Clearly there is a large electric field drop-off moving away from the plasmonic 
surface and that multilayers, averaged over the whole drop-casted area, will compromise the SERS 
signal, so the key question then becomes, ‘what is being sampled?’ It may also be fair to ask if, at 
any point, many multilayers might have a shielding effect, thus lowering the SERS signal (Chapter 6, 
Figure 6-2). 

Figure 4-22. (a) Radar plot showing the interplay between contact angle 

(4 µL, 2 µM CV), dried spot diameter, nanopillar density and nanopillar 

height. (b) Schematics for the proposed substrate-droplet interaction 

regimes, namely, (i) one where the liquid is partially filling the air spaces 

between adjacent nanopillars (Cassie-Baxter Wenzel transition state [CB-

W]), and (ii) another where the liquid is fully pervasive of the 

nanostructures (‘pure’ Wenzel state). 
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of meaningful comparison in SERS (Chapter 6, Section 6.3.2 ‘Analyte 

inhomogeneities’). 

 

The second proposal explains an anomaly in the data set. There is a 

relationship between the contact angle observed and the height/density of the 

pillars, as evidenced in the radar plot in Figure 4-22(a). Concurrently, the dried 

spot diameter shows an intuitive variation: the larger the contact angle, the 

smaller the area of the (pinned) solution-substrate interface and thus the 

smaller the dried area. This is the case for all samples, except for the shortest 

pillars, which show a small contact angle (30°) but a relatively small dried spot 

area. Here, it is proposed that the solution, being initially on top of an air gap, 

or somewhat so (as in Figure 4-22(b)(i), collapses into a ‘fully pervasive 

regime’ during the early stages of the drying process thereby rendering the 

dried molecular region to be significantly smaller than expected. This could 

be analogous to the Hakonen (2016) case whereby (10 μL) water drops appear 

to increase their adhesion to their nanopillar surface momentarily after drop-

casting [52]. It may entail an expected SERS EF boost for the shortest pillars, 

relative to the other nanopillar samples by giving access to the roughened 

Figure 4-23. (a) Capillary forces between nanopillar trunks, caused by 

an evaporation gradient as the solution dries, force the analyte 

molecules towards the pillars where they may stick (b). 
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surface features at the substrate and shadowed regions at the nanopillar bases, 

and indeed, this EF increase is experimentally observed (largely) (Figure 4-7). 

In addition, in this fully pervasive regime, capillary forces between 

nanopillars could serve to cause molecular deposition on the pillar trunks 

(Figure 4-23), which contingent on the stem plasmonic response at a specified 

wavelength (Figure 4-9), may amplify the SERS signal further [59]. 

 

4.5.3. A hydrophobicity model thought experiment 

Hydrophobic effects may be analysed in more detail by considering the 

seminal works of Young (1805) [60], and then much later, Wenzel (1936) [56], 

as well as Cassie and Baxter (1944) [57]. This has been summarised recently by 

Banerjee (2008) [61]. The discussion continues with a caveat: a recognition that, 

in reality, the nature of the hydrophobic interaction of the liquid with 

structures (surface roughness) at both a micro and nano level can be much 

more complicated (in particular, a rose petal arrangement with a concurrent 

large droplet contact angle and liquid-permeated micro-structure), as 

Bhushan (2010) has pointed out [58]. 

 

Young (1805) showed the relation between the contact angle, θY, and the three 

interfacial energies in a system consisting of a drop sitting on a substrate, 

namely, the solid-liquid interface, γSL, (sample-solution), and liquid-gas 

interface, γLG, (solution-air), and solid-gas interface, γSG, (sample-air) [60]: 

 

𝛾𝑆𝐿 =  𝛾𝑆𝐺 − 𝛾𝐿𝐺 𝑐𝑜𝑠𝜃𝑌                                                  (4.3)19 

                                                           
19 For solids surface energies are typically referred, wheras liquids are discussed in terms of surface 
tensions. Both terms are dimensionally equivalent (J/m2 and N/m respectively [J ≡ N.m]) [61]. 
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Wenzel (1936) considered roughened surfaces (as is the case with real 

surfaces) and their effect on the contact angle, defining a roughness ratio: the 

ratio of the‘actual (i.e. roughness included) to the apparent (i.e. flat) surface 

area [56]. 

 

𝑟 =  
𝐴𝑟𝑜𝑢𝑔ℎ

𝐴𝑓𝑙𝑎𝑡
                                                                     (4.4) 

 

This resulted in a revised Wenzel equation and Wenzel contact angle, θW: 

 

𝑟(𝛾𝑆𝐺 − 𝛾𝑆𝐿 )

𝛾𝐿𝐺
= 𝑟𝑐𝑜𝑠𝜃𝑌 =  𝑐𝑜𝑠𝜃𝑊                                              (4.5) 

 

Subsequently, Cassie and Baxter (1944) imagined a surface of n different kinds 

of materials, each with their own surface energies and respective material 

fraction, fi, so that: 

 

𝑓1 +  𝑓2 + ⋯ +  𝑓𝑛 = 1                                                           (4.6) 

 

This leads to the Cassie-Baxter (C-B) equation [57]: 

 

∑
𝑓𝑖(𝛾𝑆𝐺 −  𝛾𝑆𝐿 )

𝛾𝐿𝐺

𝑛

𝑖
= ∑ 𝑓𝑖𝑐𝑜𝑠𝜃𝑖,𝑌

𝑛

𝑖
=  𝑐𝑜𝑠𝜃𝐶𝐵                                    (4.7) 
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Therefore, in a simple droplet system, consisting of two different surface 

materials, the solid, fS (= f1), and the air gaps, fG (= f2), it may be said, 

 

𝑓𝑆 + 𝑓𝐺 = 1                                                                       (4.8) 

 

and seeing that the air gap is completely dry (θ2,Y = 180°): 

 

𝑐𝑜𝑠𝜃2,𝑌 =  −1                                                                  (4.9) 

 

Thus an applicable C-B equation for the system under consideration here is 

reached [61]: 

 

𝑐𝑜𝑠𝜃𝐶𝐵 =  𝑓𝑆𝑐𝑜𝑠𝜃𝑌 +  𝑓𝑆 − 1                                              (4.10)20 

 

Equation 4.10 is now used to estimate the percentage coverage of the pillar 

caps in each nanopillar sample. The model inputs mean pillar cap dimensions, 

specific for each sample, and is based on SEM micrographs. As before, 

ellipsoidal structures are assumed. The Young contact angle (θY) 

measurement appeared to indicate a larger contact angle than the smallest 

pillars (within error limits), highlighting the imprecision in these 

measurements. It has therefore been set equal to the smallest measured contact 

angle as an approximation, which is suitable for this ballpark calculation. 

                                                           
20 This equation could also be written to incorporate Wenzel’s roughness ratio, r, as in Equation 4.4. 
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Additionally, these measurements have been performed with 1 µM CV and 4 

µL volume.21 

 

                                                           
21 As opposed to 10 µM CV (4  µL) in the main SERS experiment. This means that the conclusion is 
likely to be an overstatement (more concentrated CV is more hydrophilic [Figure 4-25], although the 
difference in the hydrophobic response for different CV concentrations is much less marked than for 
R6G). Repeat contact angle experiments with different concentrations proved impossible: the 
sample had degraded seemingly. 

Figure 4-24. Nanopillar contact angle and solution 

coverage analysis. (a) Contact angle measurements, 

(b) the areal enhancement factor calculations, and (c) 

the liquid cap coverage, via Equation 4.10. All for the 

50 W series nanopillar samples (Figure 4-4). 
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Figure 4-24(c) displays the result of the Equation 4.10 calculation fully applied 

to the nanopillar samples. Even as an approximation, large contact angles on 

vertical structures may mean that the solution (and analyte molecules) are not 

pervasive of the hot-spot regions. Of course, this does not mean the absence 

of any SERS signal, but may serve as a reason for a reduction, analogous to the 

observation of Schmidt (2012), where analyte molecules applied after pillars 

have been leaned (and thus the ‘hottest spots’ made largely inaccessible), 

provided a less enhanced Raman signal (4.5× lower) [1]. Figure 4-24 makes it 

clear that the areal increase of the sample does not necessarily result in an 

increase in SERS EF as is discussed in Wei (2016) for different reasons [19] and 

utilised in the calculations of Le Ru (2007) [62], and a point that has been 

laboured in Chapter 3, albeit with different reasoning. 

 

It is hence clear that exactly where the main enhancing regions of a specific 

SERS substrate are located, as well as the choice, volume, and concentration 

of analyte used, may be critical to the EF observed in a drop-casting 

experiment. 

Figure 4-25. Measured dried spot diameters for different Raman 

dyes and concentration combinations, for the 50 W nanopillar 

series (volume: 4 µL). 
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4.5.4. Raman dyes and choice of concentration 

As aforementioned, the concentration window is impressively small: too low 

and no signal is possible (or at least it is too erratic); too high a concentration 

and multilayers will become more prominent, therefore undermining SERS 

EF calculations. In these experiments 1 μM CV and 2 μM R6G proved too low 

for a consistent SERS signal. Theoretically, concentrations beyond 10 μM 

would permit multilayers (assuming uniform molecular surface coverage).22 

                                                           
22 A 2 mm spot diameter (see Figure 4-24) gives a dried spot area of 3.14 ×10-6 m2. Assuming a 
surface area per molecule of 2 ×10-18 m2, the dried spot area can accommodate ~ 1012 analyte 
molecules. There are 6 ×1023 molecules per mole, and allowing for the 4 μL volume (Molarity is 
defined per Litre) thus a maximum theoretical concentration of ~ 10 μM is allowed before 
multilayers form (assuming uniform distribution) (also see Chapter 2, Figure 2-5). 
 

Figure 4-26. (a) An analysis of nanopillar Sample 8 (1.9 μm height, 6.4 

pillars/μm2 density). (b) The system contains many kinds of nanopillar 

interactions (and non-interactions). Statistical analysis note: z-scores represent 

number of standard deviations from the (population) mean and p-values, the 

chance of picking one such nanopillar from a random selection. Assumption is 

that data is normally distributed for calculation of p-values from tabulated data 

(could be t-values [i.e. based on ‘flattened’ normal distributions] because 

sample size is small [< 30]). 
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Significant differences in the dried spot size, albeit somewhat predictable, are 

noted between the different dye-concentration combinations used in this 

experiment (Figure 4-25). As there appears to be a relationship between the 

dried spot diameter measurement and the hydrophobicity of the sample, 

which in turn may affect the SERS EF, the molecule-concentration chosen may 

have a notable effect on the SERS measurement. This is underlined by 

conflicting results in the recent literature. Wu (2017) selects comparable 

nanopillar densities to the study here (19 pillars/µm2, 31 illars/µm2, 48 

pillars/µm2) reporting an increase in SERS EF as the samples become denser 

[2].23 

 

Figure 4-25 then also suggests why the effect of decreasing SERS EF with 

increasing pillar height (generally) may be less apparent for R6G (Figure 4-

7(c)(d)). R6G is more amenable than CV to the gold surface meaning larger 

dried drop-casted areas observed (and therefore smaller contact angles 

[unmeasured]),24 which may suggest a more pervasive solution (this is not 

conclusive [58]). 

 

4.6. Further discussion and prospection 

4.6.1. Numerical limitations 

It may be that any similarity between numerical data and experiment is a 

contrivance: clearly, the structures are much more textured than a simple 

                                                           
23 Wu (2017) uses Raman dye BPE, 1 µL, in ethanol. It typically covers a 1 cm2 dried area (equating to 
approximately 1.1 cm radius assuming a circular dried region). This is in the range 2.5 – 7× larger 
than the dried areas in our study). 
 
24 Doherty (2010) also discusses the difference in shape between these two specific dye molecules in 
the context of some differences in SERS EF in an ordered, gold, nanopillar sample. They suggest that 
R6G might be able to access some of the smaller crevices, or absorb better to the surface [8]. 
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ellipsoid, resulting in a more arborescent appearance. This is clear from the 

zoomed-in SEM micrographs (Figure 4-4). A ‘cluster analysis’ would also be a 

useful addition to the data set: more cluster members mean more hot-spots. It 

is reasonable to assume the number of pillars amalgamating is contingent on 

pillar density and height (the longer pillars being bendier). Elucidation of this 

relationship is desirable. Also, the lean angle of pillars might be considered. 

Many of these considerations are a reminder that our models are still 

elementary: modelling leaning clusters with variance in lean angle (Figure 4-

26) and number of participating nanopillars, as well as the nanotexturing on 

the structures themselves, is not trivial. 

 

4.6.2. An enhancement of the gaps? 

The shortfall in EF between numerical analysis and experiment in nanopillar 

structures is not unusual [9,10,21]. Just like the original ‘SERS interpretation 

papers’, the enhancement shortfall can be interpreted by different means 

[63,64]. For example, Dawson (2011) and Raziman (2018) factor in hitherto 

unaccounted for surface asperities [9,21], while Caldwell (2011) prefers a 

chemical explanation [10]. An overemphasis on possible chemical effects, of 

whatever nature in SERS, has attracted criticism from Moskovits (2013) [65]. 

 

Figure 4-27. A ‘perimeter 

sphere model’ defined by 

d and g parameters 

(Outset). 
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A more ‘gappy’ model, as in Dawson (2011), may be useful (Figure 4-27) [9]. 

At least, the numerical study here allows an estimation of the component 

arising from small crevices from the current EF shortfall: a substantial factor 

of up to 102 (experimental SERS 104 – 105; numerical data 102 – 103), that is if 

explanations of significant impact from interference effects and speculation on 

preferential molecular deposition are to be excluded. It would be useful to 

refine this figure via experimental observations on leaning and non-leaning 

pillars, perhaps via gaseous analyte application, as in Schmidt (2012) [1].25,26   

 

If the system was truly defined by the high electric fields generated by gap 

plasmons between nanometric gaps associated with the ubiquitous, inherent 

nanotexturing visible on the pillar caps (Figure 4-26), as could be partially 

modelled by the prospective model in Figure 4-27, then experimental (surface-

averaged) EFs in the range 104 – 105 might be expected. After all, the 2D FEM 

models in Figures 4-13 and 4-14 show maximum electric field enhancements 

of up to 18×, and this is only one gap.27 

 

4.6.3. Final comment on SERS and hydrophobic effects 

It may seem odd that the implications of hydrophobicity in SERS surfaces 

have not been more extensively examined. We have noted previously (Hardy 

                                                           
25 In the Raziman (2018) non-leaning architecture, it is noted that the hot-spots are cooler (or are 

mere ‘warm spots’ to use their label). We argue, however, that this may not be the only contribution 
to the reduced EF: the structures here and in Schmidt (2012) and Wu (2017) [1,2], are inherently more 
grainy, providing genuine nanometric asperities and ‘hot hot-spots’. The Raziman (2018) structures 
may be much more uniform and give much more of an ‘antenna-driven’ response akin to Doherty 
(2010, 2013) [8,14]. 

26 Schmidt (2012) in their supplementary section report a modest additional enhancement of 10 in 
some initial gold non-leaning (lower EF) vs gold leaning structures (higher EF). 
 
27 If an electric field increase of 18× were more prevalent then an EF ~ 105 might be expected (184). 
The reduced size of the features would need to be considered. 
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(2014)), ‘The hydrophobic nature of certain SERS substrates can be exploited 

to concentrate the target species onto a very small area of the surface from a 

very low concentration in solution…’ [66] and such ideas of pre-concentration 

of an analyte via hydrophobic effects appear to be the limit of the research in 

the literature [11,15,22,39,66–68].28,29 This seems strange given the plethora of 

SERS publications in recent times and indeed the interdisciplinary nature of 

the field. One reason for this might be the relatively recent revival of both 

seminal hydrophobic papers (Wenzel, 1936, and Cassie and Baxter, 1944) 

[56,57]. These papers, although published relatively early, are part of a rare 

club of scientific papers that have not received much recognition until decades 

later, in this case not until the 2000s (measured by citations). Ke (2015) 

suggests that the re-emergence of ‘sleeping beauties’ are the result of a cohort 

of researchers in a discipline other than that in which the original paper 

belongs finding relevance to their field [69]. 

 

4.7. Summary and conclusions 

4.7.1. Summary 

Leaning gold nanopillars have been analysed through experimental and 

numerical means. This is a SERS platform that has been used extensively in 

applications but has been somewhat lacking in terms of fundamental analysis. 

It may be that the assumption of easy control over the number of hot-spots 

                                                           
28 For example, Xu (2011) has reported what may be considered a more intuitive relationship between 

contact angle and SERS EF in a zinc oxide nanopillar array decorated with silver nanoparticles [11], 
whereby the more hydrophobic the response, the more pre-concentrated the analyte  (1 µM, 10 µL, 
4-ATP), and the higher the subsequent SERS signal. Here, it is important to note that a SERS EF, 
incorporating an estimation of molecular surface density, is not considered.  

29 And as Oh (2016) notes, hydrophobicity may now be easily incorporated into the fabrication 
procedure alongside tailoring for plasmonic and other uses [13]. 
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formed (and indeed the nature of those hot-spots) is naïve; many variables are 

deserving of attention.  

 

Leaning gold nanopillar SERS substrate performance is suitable for SERS 

measurements over a range of laser wavelengths, performing best at 692 nm 

and 780 nm. A maximum SERS EF of ~ 6.5 ×104 is noted (Figure 4-7). Our 

colleagues have recently reported an RSD as low as 2.5% on these structures, 

albeit silver-coated [2].  

 

4.7.2. In defence of explanatory science 

The conversation naturally opens a (very general) discussion about 

explanatory science, which may receive some hostility within the scientific 

community. This may be unfortunate, because conclusions that are of this 

nature may in future lead to more predictive models; indeed, this is the aim.30 

There may be a need for an a prioi acceptance that bottom-up structures, as 

studied here, are inherently more difficult to describe, and hence that initial 

analyses are justified in chiefly attempting to explain what is seen. 

 

This does not abrogate the need for explanatory conclusions to be evaluated 

to avoid (purely) post hoc analyses. Some of the evaluative criteria might 

include: the degree of explanatory power (how accurate and the scope of the 

explanation), how ad hoc the explanation appears (is it persuasive?), as well as 

the extent to which it borrows from what is already known [70,71]. With these 

specifications, the conclusions given here do well. Suggestions of hydrophobic 

                                                           
30 In some cases robust predictions may not be possible, as discussed in Crease (2017) [70], who 
argues that this does not necessarily prohibit such cases from being ‘science’. 
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effects impacting SERS signals, for example, may be more of an ignored factor 

in SERS studies than an incredulous one. 

 

4.7.3. Quantitative comparisons in numerical modelling and SERS 

experiments 

Numerical modelling has introduced an array of isolated nanopillar models, 

where low plasmonic confinement suggests vertically aligned isolated 

structures, or at least an unroughened version of them, are not principally 

responsible for the EFs observed. Subsequently, dimer systems were studied 

in a simplified 2D numerical analysis, yielding averaged EFs (E4 

approximation) as large as 600 (Figure 4-15). This falls short of experimentally 

observed values by a factor of 100 (Figure 4-7), meaning that other factors must 

be sought. This includes preferential localisation of analyte molecules in the 

hot-spot region, which can theoretically contribute an EF of up to 1.3 ×105 (194) 

for 692 nm, comparable to experimental values. These simple, 2D dimer 

models indicate 692 nm and 780 nm as being the best wavelengths for SERS, 

as observed experimentally. 

 

The influence of interference effects as a result of reflectance from the gold 

substrate (Figure 4-19) has also been considered. This latter has been explored 

through some leaning (four-pillar cluster) nanopillar models, indicating that 

(even) with a relatively large spacing between nearby pillar caps (~ 100 nm), 

the electric field could be increased by a factor of 10 over the isolated pillar 

case, should the cluster happen to align with a band of constructive 

interference. Thus, it is reasonable to assume that an increased factor of 100 

with regards to the electric field intensity versus the isolated case, could be 

attained for closely spaced pillar models, which incorporate interference 
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effects. Probably much more. This effect can then also explain the relatively 

small undulations in SERS EF measurements between different pillar heights 

(Figure 4-7). 

 

4.7.4. SERS EF patterns, density studies, and hydrophobic effects 

The above comments relate to the quantitative discrepancy. However, the 

general pattern of EFs across the SERES data also have been analysed through 

normalised FEM models to inform on the spacing between adjacent pillar caps 

(Figures 4-16, 4-17, 4-18). There are slight differences between the CV and R6G 

experimental data sets (Figures 4-17, 4-18). Comparison with the numerical 

models suggests that a coalescing model might be the preferred description in 

both cases but that an increased coalescence for CV versus R6G (-1.5 nm vs  -

2.0 nm) might be present (Figure 4-16(b)). In reality, this may be indicative of 

the different size of the two molecules having differing tendencies to access 

different parts of the crevices between abutting pillar tops. 

 

SERS EF difference between molecules has also been considered in the context 

of solution/substrate interaction. A brief study into the effect of density and 

hydrophobic response leads to a surprising conclusion; namely, it is not 

necessarily beneficial to increase the density of the nanostructures. This is 

counterintuitive, because (barring coalescence of the structures) greater hot-

spot density might be expected to result in a higher SERS signal [19]. This 

conclusion may be contrasted with a statement from Wu (2017), who notes, 

 

By increasing NP [nanopillar] density…  the averaged SERS intensity of the 1,641 

cm−1 peak increases by ∼50% when increasing NP density from ∼19 NPs μm−2 to ∼48 
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NPs μm−2. This is reasonable, since the laser spot covers a greater number of hot spots 

for NPs with a higher density… [2] 31 

 

However, as alluded to in our analysis here, comparisons between different 

experiments can be problematic. For example, the Wu (2017) structures, albeit 

geometrically similar and of a similar density range, are silver-capped and the 

Raman dye used is BPE in ethanol (1 µL). It is therefore difficult to 

meaningfully compare. A simple model, based on the hydrophobicity work of 

Cassie and Baxter (1944) [57] suggests that a hydrophobic solution-substrate 

interaction may result in analyte molecules not accessing the ‘hottest hot-

spots’ and perhaps only having as little as 4% of the gold available for 

interaction (Figure 4-24). With erect nanostructures popular as SERS platforms 

[13], this conclusion may of general interest where drop-casting is employed. 

 

4.7.5. Concluding remarks and looking forward 

The experimental findings and numerical explanations provided in this 

chapter offer a starting point for more study. In a similar vein to the nanodome 

studies in Chapter 3, it has been shown that increasing the number of 

nanostructures or total areal surface area, does not necessarily lead to an 

increased SERS EF. Further modelling will be necessary to unravel the exact 

interplay of the expected effects. This includes that from roughness, which 

may be the main contributor. The dimer FEM models, if taken in isolation 

(from other possible effects) project a roughness factor of up to 100 as part of 

the observed experimental SERS EF. Indeed, the textured nature of the 

nanopillar caps may undermine efforts to make sense of the structures with 

numerical approaches. In such an instance, we would nevertheless hope that 

                                                           
31 These are comparable densities to those used in our study. 
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the current theoretical studies may not only be interesting but might prove 

better suited to analyse future batches of these structures, which may be 

smoother. Perhaps more applicable, future study may focus on how 

interference effects drive gap plasmons at these nanometric-sized asperities; 

the two effects have been studied separately in this report. In addition, the 

possible impact from solution-substrate interaction has been raised and 

should be considered subsequently, especially where there is a significant 

variance with small changes in nanostructure parameters. 
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5.1. Introduction 

5.1.1. The Homeland Security paradigm and The European Security Research 

Programme (ESRP): ‘Keeping up with Uncle Sam’ [3] 

National security is of paramount importance. It perhaps receives the most 

attention in relation to activities by the United States (US) where this forms 

part of an integrated concept of homeland security, and while Europe has 

adopted some of the focus on developing technology for security purposes, 

there is much less of an all-encompassing security construct [1]. Over the past 

25 years, there has been a shift in security strategy with the emergence of the 

‘home-grown terrorist’: individuals causing harm within a sovereign state 

who are citizens of that state themselves. Hence, there has grown a need to 

strategise on what might be called asymmetric warfare, which forms a different 

puzzle from the traditional conflicts of big power versus big power [2,3].  

 

The US was the first to roll-out increased security measures following 9/11 as 

the Bush administration installed the Department for Homeland Security 

(DHS) and the EU followed suit, initially setting up a ‘Group of Personalities’ 

(GoP) for security research in 2003, which included the EU Commissioners for 

Research and Information Society and numerous ‘observers’. This group 

included Commissioners from EU External Relations and Trade, the High 

Representative for Foreign and Security policy, NATO, and representatives 

from eight multinationals, including Europe’s four largest military 

corporations [3]. The cohort included UK-based BAE Systems and the 

European Aeronautic Defence and Space Company (EADS), the latter with 

which Queen’s University Belfast has collaborated with in the form of its 

Innovation Works branch in Munich, now renamed after its notable 



Bomb factory detection 

253 
 

subsidiary Airbus, as Airbus Group Innovations. The collaboration covers the 

work in this chapter. 

  

The development of a full-blown security sector followed as the GoP 

recommended a 1 billion Euro injection into European security research 

development based on what US counterparts were spending and the desire to 

keep up with American competition, the fear being that eventually US 

technology would increasingly impose ‘normative and operational standards 

worldwide’ as the EU struggled to meet defence needs [3]. 

 

5.1.2. Chapter overview 

In this chapter, the application of SERS to explosives detection is studied 

through a European Union-funded project, Bomb Factory Detection by 

Networks of Advanced Sensors (BONAS) [4,5]. First, the project is 

summarised, and then preliminary experiments are outlined. A significant 

study into the central problem of SERS and liquid samples, tackled via a 

chemical derivatisation approach, is then unpacked before concluding 

sections detailing the broader applicability of this technique and the final 

BONAS sensor hardware. 

 

5.1.3. BONAS Project objectives and summary 

In its own words, the goals of the BONAS project are as follows: 

 

The aim of BONAS is to design, develop and test a novel wireless sensors network for 

increasing citizen protection and homeland security against terrorist attacks, in 
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particular against the threat posed by IED [Improvised Explosive Device] devices. 

The sensor network will focus on the detection of traces of precursors used in IED 

production (particulates, gases and/or waterborne) present in the environment 

surrounding the vicinity of a “bomb factory”. The different sensors are specifically 

designed to be deployed in sensitive locations and easily camouflaged. This network 

will support the “factory’s location”, allowing an early threat thwart. 

 

The wireless sensor network will feature a variety of sensing devices (in-situ and 

remote), that will jointly provide broad chemical spread and low false alarm rates 

through an expert system management of the data collected. In particular, BONAS 

will develop: Lidar/Dial system; QEPAS sensor; SERS sensor; an Immunosensor. 

 

The consortium represents the complete supply chain of the proposed product, which 

sets good perspectives for exploitation and commercialization of the generated 

innovations. [6] 

 

Figure 5-1. Cartoon representing a BONAS network of sensors. 
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The critical sensors developed by BONAS are as follows: 

 

1. A Quartz-Enhanced Photoacoustic Spectroscopy (QEPAS) sensor that 

works by measuring the pressure waves emitted from a gaseous 

sample, which is relaxing after being excited by light. A quartz tuning 

fork may be used for increased sensitivity. Viola (2016) notes detection 

of 200 ppm hydrogen peroxide and 200 ppm nitric acid, with a 

theoretical limit of 480 ppb for the latter, using their specific QEPAS 

sensor [7]. In the literature, methane and nitrous oxide have been 

detected at concentrations of 300 ppt and 60 ppt, respectively, and with 

some adjustment, concentrations in the ppq range are mooted [8]. It is 

much more compact than other optical gas detection techniques [8]. 

 

2. A Light Detection and Ranging (LIDAR) sensor to detect and ascertain the 

range of gaseous plumes from an area under surveillance. Similarly, 

Differential Absorption LIDAR, or DIAL, may be used to determine the 

concentration of a specific gas. LIDAR notes the intensity and return 

time of an inelastically backscattered laser beam, while the DIAL 

variation employs two excitation wavelengths, one at the specific gas 

absorption wavelength and another just off, to determine 

concentration. 

 

3. An Electrochemical (EC) sensor for immersion in waste liquid, which 

works via a four-electrode cyclic voltammetry set-up. Initial test 

campaigns appear to show that it works well, even in the presence of 

interferant substances [5]. 
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4. A Raman and Surface Enhanced Raman Scattering / Spectroscopy (SERS) 

sensor for detection of (~ 10 µm) particulate matter (Raman) and 

chemical agents (SERS). The development of this sensor and concurrent 

science is the focus of this chapter. The potential of various forms of 

Raman spectroscopy, including SERS,  for use in homeland security, 

has been highlighted by Mogilevsky (2012) [9]. 

 

 

Colleagues Almaviva et al. (2013) have used 

an inverted pyramid structure to detect the 

explosive compound RDX1 via SERS [10] (this 

is also the same substrate used in our study in 

this chapter), while Krstev (2014) and co-

workers have introduced a hydrogenated 

diamond gas sensor [11]. A ‘Surface Acoustic 

Waves’ sensor has also been developed, at 

French public research body CEA, and was 

introduced during the latter stages of the 

BONAS project [5]. 

 

A comprehensive comparison of all sensors is 

beyond the scope of this document; more details may be found in refs. [4,5]. 

Nevertheless, some of the complementary aspects of the cohort are clear, 

beyond the clear preferences for different compounds that different sensors 

may have. For example, the SERS detector has the advantage of being 

relatively sensitive, but it must be within proximity to the area under 

surveillance. Consequently, the device has been miniaturised. Devices such as 

                                                           
1 1,3,5-Trinitroperhydro-1,3,5-triazine. 

Figure 5-2. Cartoon showing 

SERS detectors monitoring 

particulates in smoke and 

chemicals in wastewater. 

*3% HNO3 is available in EU 

member states; 10% with 

licence. Either way, pre-

concentration is required. 
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LIDAR, which is inherently less sensitive but that can operate remotely and 

the EC sensor that can be immersed in a liquid substance, confer 

complementary benefits. Matters of feasibility of cost and maintenance as part 

of the network of sensors will be assessed in the long-term, the assumption is 

that there is some fluidity in terms of which kinds of sensing technologies will 

be employed in any one scenario. 

 

5.1.4. Which SERS substrate? 

With the (DTU/Silmeco) nanopillar substrate (Chapter 4) still in the 

development stage, the choice was between the nanodome substrate (Chapter 

3) or a commercial alternative. The nanodome substrate is not currently 

optimised to work at 785 nm and more pertinently, appears to deform at high 

Name Formula RTP form Water 

solubility 

Melting 

point (°C) 

Boiling 

point (°C) 

Hydrogen 

peroxide 

H2O2 Liquid Yes, 

miscible 

0 150 

Acetone C3H6O Liquid Yes, 

miscible 

-94 57 

Nitromethane CH3NO2 Liquid Yes, 10g / 

100 ml 

-29 103 

Nitric Acid HNO3 Liquid Yes, 

miscible 

-42 83 

Ammonium 

Nitrate 

NH4NO3 Solid Yes, 150 g / 

100 ml 

(20°C) 

170 210 

Table 5-1. The physical and chemical properties of common explosive precursors 

[4]. Highlighted in red are compounds that formed part of our preliminary studies. 
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surface laser power densities. So with a prescribed Serstech laser at 785 nm 

(300 mW), the choice was made to employ a commercially available inverted 

pyramid SERS platform that reported < 10% signal uniformity and up to 106 

SERS EF (KlariteTM, Renishaw Diagnostics Ltd.). Subsequent BONAS work 

could avail of the nanopillar substrates reported, or a modified nanodome 

substrate, which would be cheaper alternatives. 

 

5.1.5. Which explosive? 

The explosive in focus is triacetone triperoxide or TATP, sometimes referred 

to as ‘the Mother of Satan’, a reference to its volatility and the risk of accidental 

detonation caused by the weak oxygen-oxygen bonds. TATP has been used 

by many terrorist groups, including the 2005 London bombings (‘7/7’). The 

simplified nucleophilic addition2 reaction equation is: 

 

3 H2O2 + 3 C3H6O [+ H+ catalyst] → C9H18O6 + 3 H2O               (5.1) 

hydrogen peroxide + acetone [in the presence of hydrogen catalyst] → 

(tri)acetone (tri)peroxide3 + water. 

 

The explosive reaction is only mildly exothermic; it is the sudden high volume 

of gas released that causes the explosion4 [12] and is according to: 

 

                                                           
2 A reaction between an electrophilic, or electron-deprived positive, compound with a double or 
triple bond and a neutrophilic, or electron-rich negatively charged compound. 
 
3 IUPAC: 3,3,6,6,9,9-Hexamethyl-1,2,4,5,7,8-hexaoxacyclononane. 

 
4 Also referred to as an entropic explosion. 
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2 C9 H18O6 + 21 O2 → 18 H2O + 18 CO2                                                      (5.2) 

(tri)acetone (tri)peroxide + oxygen → water + carbon dioxide. 

 

However, the goal is not so much in detecting the final explosive substances, 

which may be in trace amounts being the desired compounds during 

production, and more those formed as by-products or the excess reagents, and 

thus perhaps present in waste gases or sewage water. Improvised explosives 

(IEs) are typically prepared in environments not best suited to chemical 

synthesis. Thus small amounts of substances, which are water miscible (Table 

Figure 5-3. Selection of preliminary Raman and SERS results on a selection of 

explosive precursors. (a) (Normal) Raman of 3% nitric acid, 30% hydrogen 

peroxide, and acetone. (b) Raman of 30% hydrogen peroxide and SERS for 30% 

‘sampled’ hydrogen peroxide (see Figure 5-5 for details of ‘sampling’ process). 

(c) Raman for 3% nitric acid on planar gold and on a SERS substrate. (d) Solid 

ammonium nitrate on a SERS substrate and derivatised ammonium nitrate on 

the same substrate (1% ammonium hydroxide and 1% nitric acid) (All SERS 

substrates are inverted pyramids [‘Klarite’]). 
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5-1), are expected in ambient air and wastewater, the latter necessary for 

cooling: IE processing is associated with exothermic reactions [4]. 

  

Figure 5-4. (a) Schematic communicating that particulate detection is not 

appropriate for SERS and (b) a comparison of the Raman signal from bulk 

(green line) with various SERS measurements. The derivatisation process 

(black line) is described subsequently (Section 5.3). 
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Acids such as nitric, sulphuric and hydrochloric all essentially dissociate 

completely in aqueous solution and therefore, in addition to being readily 

available, are also prime candidates for catalysts as specified in the TATP-

forming reaction in Equation 5.1. Here, nitric acid was chosen as suitable for 

proof of concept experiments.5 

                                                           
5 The explosive precursor data may be contrasted with the properties of TATP itself, which is solid 
and not water soluble (MP (°C): 94, BP (°C): 227, vapour pressure (Pa): 0.4) [4]. 

Figure 5-5. Vapour sampling system. (a) Photograph of the Peltier-cooled metal 

cone sampling system and (b) (i-iii) explanative schematics. (c) shows the various 

experimental arrangements and (d)(i-iii), the corresponding measured SERS (reds) 

and ordinary Raman (greys) spectra. The 1050 cm-1 nitrate Raman band may be 

clearly seen in the SERS data. A notable interferent substance is detected in all SERS 

spectra ~ 840 cm-1. 
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Catalyst type appears to make little difference, but it is instead concentration 

that is more important, according to Matyáš (2010), where high concentrations 

produce DADP6 as a co-product of TATP or indeed as an exclusive product 

[13]. Hence lower concentrations of catalyst may be employed by the informed 

criminal actor, and this means increased sensitivity is required in detection. 

 

5.2.  Preliminary experiments 

Initial investigations were carried out on acetone, hydrogen peroxide, and 

nitric acid as summarised in Figure 5-3. 

 

5.2.1. Particulate detection 

The first objective was particulate detection, specifically particles with 

diameters between 2.5 µm – 10 µm) desirable.7 A collection of these oversized 

                                                           
6 The dimer cousin of TATP: diacetone diperoxide (3,3,6,6-tetramethyl-1,2,4,5-tetraoxane). 

 
7 Particles within this range in the atmosphere are often termed respirable suspended particulate 
matter. 
 

Table 5-2. Analysis of data in Figure 5-5. Column 2 data based on Figure 5-5(d). 

Column 3 deduction based on calibration data in Figure 5-8 to follow. 

Scenario NO3- peak Raman 

intensity, 

counts / second 

Detected NO3-  

concentration 

Detection efficiency,  

% of molecules 

A  60 2 – 5 ppm 0.016 – 0.06 

B 30 ~ 500 ppb 0.0016 

C 20 200 – 500 ppb 0.0004 – 0.001 
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particles are too large to benefit efficiently from SERS (Figure 5-4(a)). Instead, 

ordinary Raman spectroscopy is appropriate. The signal from bulk 

ammonium nitrate, ‘mortar and pestle crushed’ to ~ 10 µm diameter pieces, is 

shown in Figure 5-4(b) (green spectrum). An electrostatic stage has been 

incorporated into the final Raman/SERS sensor to attract such particles.  

 

Contrasted with this (in Figure 5-4(a)) are the spectra from nitric acid in 

solution (also showing the nitrate NO3- band) and 5% nitric acid reacted with 

ammonium nitrate to produce the nitrate salt. This derivatisation process has 

been employed in the preliminary experiments. Detection of acetone and 

hydrogen peroxide may be revisited in future investigations. Currently, the 

lack of convenient derivatisation reactions for acetone and hydrogen peroxide, 

as well as the volatility of the former, prove problematic.8 

 

 5.2.3. Proof of concept experiments (‘sampling’) 

Figure 5-5(c) demonstrates three short-range scenarios for detection of nitric 

acid. The 1050 cm-1 NO3- stretching band indicative of nitric acid is visible in 

the Raman spectrum for all three scenarios when a spectroscopic analysis is 

performed on the liquid samples. The short-range nature of such a sensor is 

confirmed via the relatively high concentrations of nitric acid evaporated (3% 

and 5%) and the relatively low signal of the 1050 cm-1 NO3- band. Comparison 

of measurement with and without a SERS substrate suggest the necessity of 

SERS to detect any signal. Variable detection efficiency (Scenario C uses higher 

concentration and shorter water bath-cone distance while having lower 1050 

cm-1 Raman intensity than scenario B), possibly due to wind effects, also  

                                                           
8 i.e. involving no by-products. The short-range nature of SERS can mean interferents are a problem. 
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Figure 5-6. The problem of SERS and liquids. (a) Sketch illustrating liquid 

analyte deposition for Raman spectroscopy on a SERS substrate; magnified 

3D schematic of the SERS surface illustrates the very low percentage of 

analyte molecules in close proximity to the surface.  

 

(b) Sets of Raman spectra of 5% nitric acid solutions on nanostructured gold 

Klarite SERS substrate (top) and a flat gold surface (bottom) illustrating, 

first, the very weak SERS effect experienced by analytes in the liquid phase 

and, second, that the Raman signal decays upon drying since the analyte 

species evaporates congruently from the surface with the solvent 

molecules.  

 

(c) Scanning electron micrograph of the Klarite substrate at 30° (details of 

experimental conditions and procedure are given below). 
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suggests that a SERS detector should be seen as one placed within relative 

proximity to the bomb factory (see also Table 5-2). This is not a problem: other 

BONAS detectors are designed for long-range operation, for example, LIDAR 

(indeed, the bulky nature of such a device would make proximity and 

covertness difficult). The presence of some unknown interferents in the 

spectra (Figure 5-5(d)) is a reminder for the need to have a network of sensors 

providing feedback to a monitoring centre for the elimination of false 

positives. 

 

The detected nitrate ion concentration is based on the following calibration 

data (Figure 5-8). In our proof of concept experiments, it was found that it was 

not possible merely to do Raman on the (liquid form) ‘sampled’ nitric acid and 

therefore, the collected solution was analysed with SERS. However, this 

constituted little benefit (Figure 5-3(c)): the sampled solution needed to be 

reacted with ammonium hydroxide to produce the ammonium salt and make 

detection of the nitrate ion possible (Figure 5-3(d), Figure 5-4(b)). The problem 

of analysing some liquids in SERS should be identified as much more general 

and is now explored in more detail. 

 

5.3. SERS and liquid samples: a problem 

5.3.1. Introduction 

Two of the most commonly used procedures for functionalising a SERS 

substrate with low concentrations of analyte molecules are drop-casting, as 

has been detailed so far in our studies, and chemisorption. Both techniques 

can lead to the adsorption of analyte molecules in the requisite nanometre-

scale proximity to the SERS surface to yield a significant EF. In chemisorption 

the SERS surface is exposed to the analyte solution which then bonds with the 
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metal to form a layer over the surface; [14,15] the surface will typically then be 

rinsed to remove excess molecules. This technique is only applicable to 

molecules which form a strong bond with noble metal surfaces (typically 

thiols or similar), severely limiting applicability. In drop-casting a low 

concentration of a solid analyte is dissolved in solvent (typically water or 

ethanol), a small drop of which is cast onto the SERS surface and then allowed 

to evaporate, precipitating out a layer of analyte molecules over the surface 

[16,17]. 

 

Both of these techniques can lead to the adsorption of analyte molecules in the 

requisite nm-scale proximity to the SERS surface to yield a significant EF. 

However, a disadvantage of both techniques is that they are limited to 

analytes that can adsorb on SERS substrates much more tightly than the 

solvent ones.9 

 

An important class of analytes which do not conform to the above 

requirements are acid-forming gases, such as NO2 and SO2, which are toxic in 

low ppm concentrations in the ambient air and which need to be monitored 

for a variety of reasons. NO2 and SO2 have a strong affinity toward water 

vapour. When present in the atmosphere, these tend to form very dilute acid 

adsorbate layers on SERS substrates. SERS measurements on the liquid 

adsorbates, however, fail as most of the target analytes in such dilute solutions 

are far from the hot-spots of the SERS substrates. This problem is illustrated 

                                                           
9 An interesting parallel may be made with the state of Raman spectroscopy and liquid samples just 
before the Second World War. At the time, samples for Raman, almost always liquids, required 
multiple distillation steps to remove any potential fluorescent.  This limitation resulted in a lack of 
penetration into application space where Infrared detectors still reigned supreme despite slow 
measurement times [33]. 
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schematically in Figure 5-6(a). It is underscored emphatically and 

quantitatively in Figure 5-6(b) where the Raman spectrum from a drop of 

solution of nitric acid deposited on a nanostructured gold SERS substrate 

(KlariteTM) is enhanced by less than 3× relative to the signal retrieved from a 

drop of nitric acid solution deposited on a smooth gold film (red curves in 

each set of spectra); this very modest enhancement factor is further reduced 

toward unity if the exposed area is taken into account10 (typically, if the SERS 

substrate were effective the EF should be ≥ 104). 

 

Further, Figure 5-6(b) illustrates the compounding problem that drying the 

sample is ineffective, indeed quite counterproductive.11 Drying is not 

successful because the acid solutions evaporate congruently and thus do not 

leave any measurable amount of analyte on the substrates. It may be shown 

that this class of analytes can be successfully SERS-detected by applying a 

chemical derivatisation technique to the adsorbed liquid solutions. This 

derivatisation process transforms the dissolved analytes into solid precipitates 

and brings them into close contact with the hot-spot regions of the SERS 

substrates, while at the same time it allows the remaining solvent to evaporate. 

We show that in this way, enhancements with EF ≈ 4 orders of magnitude 

relative to those on the liquid adsorbate layers can be obtained.  

 

                                                           
10 The gold deposited in both the nanostructured and ‘smooth’/flat cases is actually very granular (~ 
200 nm-sized grains), although this does not appear to translate into a much of a SERS signal (green 
spectrum [‘dry’] in lower set of spectra in Figure 5-6(b)). 
 
11 The intermediate ‘drying’ spectra in Figure 5-6(b) were taken separately due to difficulties in 
taking all measurements in one go. These intermediate spectra were taken hence in smaller volumes 
of the derivatised solution, as is (also) the case when the drop is drying (from start to finish). These 
spectra are probably slight underestimates because, although the water and nitric acid molecules 
evaporate together, there is still probably a slight concentrating effect. 
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With this method, minimum detectable nitrate ion concentrations lower than 

100 ppb in water solute layers can be obtained. It is argued that these results 

open up perspectives for NO2 and SO2 gas sensors which are comparable with 

the sensitivities of state of the art solid-state gas sensors providing, at the same 

time, a much higher degree of gas selectivity. This latter fact is demonstrated 

by comparative measurements on nitrate and sulphate ion-containing 

solutions. 

 

5.3.2. Experimental specifics 

To experimentally demonstrate the methodology, we have chosen acid 

analyte and base reagent molecules. The first example is the acid-base reaction 

between nitric acid and ammonium hydroxide: 

 

HNO3 (aq) + NH4OH (aq) → NH4NO3 (aq) + H2O → NH4NO3 (s)       (5.3) 

nitric acid + ammonium hydroxide → ammonium nitrate (aq) + water 

→ ammonium nitrate (s) 

 

producing ammonium nitrate, a solid which then precipitates out of solution 

and can be detected at low concentration using SERS. Sulphuric acid follows 

a similar reaction scheme, producing ammonium sulphate: 

 

H2SO4 (aq) + 2 NH4OH (aq) → (NH4)2SO4 (aq) + 2 H2O ⇌ (NH4)SO2 (s)    (5.4) 

sulphuric acid + ammonium hydroxide → ammonium sulphate (aq) + water 

⇌ ammonium sulphate (s) 
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Comment is made later on the use of the equilibrium symbol in this case.  

 

Stock solutions of acid were prepared by standard dilution procedures, using 

a graduated pipette to dispense a small volume of concentrated (70%) nitric 

acid or concentrated (98%) sulphuric acid into 100 mL volumetric flasks with 

the balance being made up with freshly prepared deionised water. Sequential 

dilutions yielded solutions of acid with concentrations down to 100 ppb. These 

volumetric ratios relate to other concentration measures as follows. For HNO3 

solutions, a 1% or 1 in 100 concentration (used only for liquid case reference 

purposes in this study) corresponds to 1 molecule of HNO3 per 230 molecules 

of H2O and a molality of ~ 0.240 mol kg−1; for H2SO4, this translates to 1 

molecule of H2SO4 per 295 molecules of H2O and a molality of ~ 0.188 mol kg−1.  

 

The substrates used in this work are of two types, planar gold surfaces where 

gold was deposited onto oxidised silicon wafers and commercial SERS 

substrates, Klarite (Renishaw Diagnostics Ltd.). The latter is comprised of a 

highly granular gold coating in pyramidal pits etched into silicon substrates 

(Figure 5-6(a)). They offer relatively uniform and reproducible SERS EF (± 

10%) and are used as the enhancing substrate throughout this study. The 

planar gold surfaces12 thus offer a control-case SERS substrate.  

 

Two microlitre drops of the various acid solutions were applied to both the 

planar gold surfaces and the Klarite substrates using a micropipette, and  

                                                           
12 The planar gold surfaces were equally as granular (~ 200 nm-sized grains) but without the 
nanostructured features. 
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Figure 5-7. Forming a solid precipitate (salt) to enhance the SERS signal. (a) 

Sketch illustrating the derivatisation drop-casting technique where contaminant 

in solution forms salt and is then allowed to air-dry; magnified 3D schematic of 

SERS surface illustrates higher concentration of derivative molecules very close 

to the surface after drying.  

 

Panels (b) and (c) show SERS spectra from nitric acid and sulphuric acid 

solutions, respectively: 5% (black), 1% (blue) concentration liquid solutions on 

SERS surface before evaporation, and 100 ppm (red) solution derivatised using 

ammonium hydroxide and allowed to dry as described in the text. Each set of 

spectra is plotted on same Raman intensity scale with individual spectra offset 

for clarity. 
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Raman measurements were taken immediately after drop-casting. Apart from 

the spectra of Figure 5-6(b) Raman measurements on the liquid samples were 

not taken during or after air drying since the analyte signal decays 

significantly, tending to zero, as evaporation proceeds (Figure 5-6(b)).  

 

To assess the effect of chemical derivatisation, the same experiment as above 

was repeated, but this time a second 2 μL drop of excess reagent (1% 

concentration NH4OH) was added to the analyte droplet to react any target 

acid present to yield its corresponding ammonium salt. This droplet of reacted 

acid and excess reagent was then allowed to air-dry, leaving only the adsorbed 

Figure 5-8. Plot of the intensity of the main 1050 cm−1 Raman 

band against concentration in parts per million (ppm) for nitric 

acid in solution (blue triangles), the derivatised ammonium 

nitrate on a planar gold surface (red diamonds), and ammonium 

nitrate on a Klarite SERS substrate (black squares). 

Concentration axis refers to that of original nitric acid solution, 

before derivatisation using ammonium hydroxide. All Raman 

intensities plotted on the same scale in arbitrary units. 
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derivative molecules on the SERS substrate; Raman spectra were then 

recorded. This process is illustrated in Figure 5-7(a); the principle is that the 

target anionic species (now incorporated in a solid derivative) is in contact or 

much closer proximity to the substrate surface, where field enhancement is 

greatest (and in greater density than the liquid case) leading to a significant 

SERS effect. 

 

5.3.3. Derivatisation in SERS discussion 

Figure 5-7(b) and (c) shows Raman spectra obtained on Klarite substrates from 

nitric and sulphuric acid in solution and from their ammonium salt 

derivatives prepared using the technique above. The EF obtained for the 

liquid samples when using the SERS substrate is only ~ 3 relative to the 

Figure 5-9. Derivatised ammonium nitrate in the high 

concentration limit on Klarite. The filling of the pyramidal 

pits in a lower concentration limit (as in top left) represents an 

inefficient analyte packing (multilayers) meaning that a 

detection limit (Figure 5-8) could much lower than 100 ppb 

could be achieved. 
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unenhanced signal (see Figure 5-6(b)), whereas for the derivatised, then 

adsorbed chemicals, a concentration in the original solution two orders of 

magnitude or more lower (100 ppm vs 1% or 5%) clearly produces a much 

more intense signal. These data thus unambiguously illustrate how the 

technique facilitates the exploitation of the massive enhancement offered by 

SERS when interrogating low concentration liquid contaminants in solution. 

No peaks in the Raman signal corresponding to those of Figure 5-7(b) and (c) 

are observed when 1% NH4OH solution is added to deionised water, giving 

assurance that the obtained spectra are indeed associated with the respective 

ammonium salts, and thus indicative of presence of the original acid and not 

impurities in the NH4OH reagent.  

 

To illustrate more quantitatively how this technique benefits the observed 

Raman signal, and ultimately the detection limit, measurements were taken 

using nitric acid over a wide concentration range. Figure 5-8 shows the 

observed signal intensity at 1050 cm−1 of the NO3− band of nitric acid in 

solution and of ammonium nitrate derivative on both a planar gold surface 

and on Klarite, as the concentration of the original solution is varied from 5% 

down to 100 ppb. For all three situations investigated, it is clear that as the 

concentration of the original acid falls so does the signal; however, the signal 

intensities and the detection limits vary dramatically. The detection limit for 

nitric acid in solution is above 1000 ppm. When the ammonium nitrate is dried 

onto a planar gold surface (where there is very little enhancement) the signal 

intensity increases and the detection limit falls into the 100 − 1000 ppm range. 

The increased signal is due to an increase in the concentration of molecules 

sampled; as illustrated in Figure 5-7(a) when molecules precipitate out of 

solution they become concentrated on the surface, and hence the number in 

the sampling volume of the laser focus increases. However, by far the largest 
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increase in signal and corresponding decrease in detection limit is observed 

when the derivative molecule is adsorbed on the SERS substrate. In this case, 

there is still an observable signal at a concentration of 0.1 ppm, an 

improvement of ~ 4 orders of magnitude over the original acid solution. This 

result clearly and quantitatively demonstrates that the derivative molecules 

take advantage of the substrate SERS enhancement, whereas the liquid does 

not.  

 

This limit of detection arguably may be improved upon seeing that the 

inverted pyramid nanostructures appear to promote a relatively inefficient 

molecular packing density where the molecules fill the pits, giving multi-

layers (hence with many molecules far from the short-range SERS surface) (see 

Figure 5-9). In addition, capillary forces on the drying drop-casted liquid drop, 

resulting in a radial molecular spread, is detrimental to the SERS signal 

intensity, especially in the low detection limit [18].  

 

It can also be seen that the Raman intensity does not fall off linearly with 

concentration, a feature that is likely linked to the distribution of 

molecule−substrate separations where those molecules adsorbed closest to the 

surface experience the largest EF and hence generate the most signal [19]. 

However, further careful experimentation would be required to yield a 

reliable calibration of the SERS signal referenced to concentration.  

 

5.3.4. Bi-analyte detection (mixed acid solutions) 

It is important to emphasise that this increase in sensitivity does not come at 

the cost of chemical discrimination: the spectra of different derivatives can still 
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be clearly distinguished at low concentration. The Raman spectra of nitric acid 

and the ammonium nitrate salt both display a prominent Raman band at ~ 

1050 cm−1. This isolated spectral feature, characteristic of both dilute nitric acid 

solutions and of many nitrate salts, is due to a vibrational mode of the fully 

dissociated nitrate anion NO3− [20,21]. In contrast, the sulphuric acid solution 

displays two peaks, one at 1046 cm−1 and one at 980 cm−1. H2SO4 undergoes a 

two-stage dissociation process where, in the first stage, there is complete 

dissociation to HSO4− (the hydrogen sulphate [bisulphate] ion) and H+ over a 

broad range of concentrations whilst the second stage, producing SO42− (the 

sulphate ion) and a further H+, is temperature and concentration-dependent 

[22]. These anionic moieties generate vibrational peaks at 1046 cm−1 and 980 

cm−1, respectively (Figure 5-7(c)) as identified in refs. [23] and [24], where the 

presence of the lower wavenumber peak yields clear and instantly identifiable 

spectral contrast with the case of nitric acid and ammonium nitrate (Figure 5-

7(b)). Also, since the ionic molal scattering coefficients are almost identical 

Figure 5-10. (a) SERS spectra of 1 μL of 1000 ppm H2SO4 solution with excess 

NH4OH taken by drop-casting (‘wet’ and ‘dry’ cases) showing dominant 980 

cm−1 SO4
2− peak. Note the presence of additional HSO4

−, 1046 cm−1 peak in the 

‘wet’ spectrum (b) SERS spectra from mixed solution of 1 μL of 100 ppm H2SO4 

and 1 μL of 100 ppm HNO3 with excess NH4OH under continuous laser exposure 

at 780 nm taken over a 20 minute period. 
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(and temperature independent) for the two ions, HSO4− and SO4 2−  [22,25], the 

integrated intensities of the Raman peaks give a direct measure of the relative 

concentration of each species.  

 

Interestingly, however, both peaks can persist after the derivative salt has 

been formed, indicating the presence of both species. This is an incongruous 

result for the case of (NH4)2SO4 where the Raman spectrum should be 

dominated by peaks associated with only SO42− in the range 600 − 1200 cm−1, 

principally the stretching vibration at 980 cm−1. The persistence of the HSO4− 

peak may be associated with the hygroscopic nature of the resultant salt and 

an incomplete drying process.  

 

5.3.5. Experiment and discussion on the partial dissociation of hydrogen 

sulphate  

In the final part of this study we aim to confirm the link between the HSO4− 

peak and residual water on the sample and to illustrate, through the use of 

mixed acid solutions, that the increased chemical sensitivity, established in 

Figure 5-8, does not come at the cost of chemical discrimination; that is, that 

the spectra of different derivatives are still clearly distinguished at low 

concentration. Figure 5-10(a) shows two spectra from a typical H2SO4 sample, 

derivatised with excess NH4OH, but at different sample locations. In the 

second spectrum, the 1046 cm−1 HSO4− peak is attenuated into the background. 

The reaction to form (NH4)2SO4 is thus not always brought to completion 

under ambient laboratory conditions, the 1046 cm−1 peak indicating the 

presence of the HSO4− anion which we take to be associated with water 

molecules that have not departed the surface. The intensity of the HSO4− peak 

varies under ambient conditions, presumably depending on ambient 
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humidity in the lab at the time (relative humidity is typically > 50%). This can 

also be noticed in Figure 5-11, where the SERS spectra of derivatised 

ammonium nitrate and sulphate salts (as before, 100 ppm nitric and sulphuric 

acid with equal volumes) are recorded over a five-day period showing 

variations in the 1046 cm−1 HSO4− peak. 

 

An attenuation effect on the 1046 cm-1 peak can be induced by continuous 

exposure to the stimulating laser beam over a period on the order of 20 

minutes. In Figure 5-10(b) the SERS spectra arising from the respective 

ammonium salts derived from 2 μL of a premixed solution of 100 ppm of 

H2SO4 and 100 ppm of HNO3 drop-cast on the surface with 2 μL of NH4OH 

are shown. The three spectra, of 50 s acquisition time each, were taken over a 

20-minute interval during which the same part of the sample was 

Figure 5-11. Derivatised ammonium nitrate and 

sulphate SERS spectra acquired from the same 

sample location over five consecutive 24-hour 

periods. 
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continuously exposed to the 780 nm laser; the first (uppermost) spectrum was 

taken at the start of the sequence, the middle spectrum part way through 

whilst the lowermost spectrum was taken at the end of the sequence. The peak 

at 980 cm−1 yields unambiguous evidence of the SO42− anion originating from 

the presence of trace H2SO4. The peak at ~ 1050 cm−1 is interpreted as being 

primarily due to the NO3− anion in the form of NH4NO3 originating from the 

trace HNO3 solution (peaks at 1046 cm−1 and 1050 cm−1 are not resolved in our 

system).  

 

In the main part of the figure the spectra are arbitrarily displaced for clarity of 

individual presentation while in the inset, the raw spectra are simply overlaid, 

showing that while the SO42− peak remains almost constant in intensity, there 

is a small decrease in the peak at 1050 cm−1 with increasing, integrated laser 

exposure time. This peak stabilises after ~ 20 minutes with no further 

noticeable decrease. Therefore, we suggest that a minor component of this 

peak arises from an HSO4−-water molecule complex which diminishes through 

drying by exposure to the laser beam. In the process there appears to be no net 

benefit to the SO42− peak, suggesting on the one hand that there is no further 

NH4OH to react with at this stage and also that the HSO4 −-containing entity 

evaporates from the surface.13 

 

5.3.6. General applicability 

To complete the present discussion of the SERS derivatisation method, we 

consider issues of applicability. In Appendix D, this technique is compared to 

                                                           
13 The significance of H2SO4 and HNO3 detection simultaneously is useful within the context of 
explosive precursor detection because HNO3 may be preconcentrated (beyond 68%) with the 
addition of H2SO4 to ~ 95% purity (red fuming nitric acid). Nitrous oxides can then be removed by a 
further distillation step (under vacuum). 
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other established techniques for the detection of trace ions in solution with 

reference to a range of criteria including sensitivity, minimum sample volume 

and sampling time, but also particularly portability and cost. The second issue 

is how broadly applicable the technique might be for a range of salt 

derivatives, especially those that may have a very high solubility product. 

NH4NO3 and (NH4)2SO4 have solubility products of 219 and 611 mol L−1 

respectively, that is, are relatively soluble in water, but nonetheless precipitate 

readily onto the nanostructured substrates used here, favouring detection by 

SERS. Indeed, since the water evaporates away, a solid precipitate should 

form on the SERS substrate irrespective of the solubility of the parent ions in 

water (and, of course, notwithstanding that the solubility of the forming 

nanoscale precipitate product will have a size-dependent solubility, arising 

from a large molar surface area, which is greater than the thermodynamic bulk 

values quoted above). In the context of the detection of low concentration acid-

forming gases (NO2, SO2), the more limiting factor is actually the reduced 

temperature solubility of the target molecules in the water film condensing on 

a cooled SERS substrate. This issue is well documented in previous work on 

low-temperature gas detection based on a variety of semiconductor gas sensor 

materials [26,27]. 

 

5.3.7. Chemical derivatisation and SERS: Summary and concluding remarks 

In conclusion, we draw clear distinction between the derivatisation method 

described here and other physical and chemical means of optimally exploiting 

the enhancement of nanostructured SERS substrates, specifically the use of 

(super)hydrophobicity [28] and of reactive absorption of the analyte species to 

the substrate surface, [29,30] essentially a variant of direct chemisorption 

[14,15]. The hydrophobic nature of certain SERS substrates, as discussed in 

Chapter 4, may be exploited to concentrate the target species onto a very small 
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area of the surface from a very low concentration in solution [28] however, 

this entails no change in the chemical form of the entity to be detected, in 

contrast to the present study; in fact, it would seem that the use of 

hydrophobicity and derivatisation could be combined in a complementary 

fashion. 

 

The use of an intermediate chemical species to tether the target analyte to the 

surface has been exploited and is well exemplified by a scheme in which 

NaOH mist is sprayed onto a substrate for the detection of dinitrotoluene by 

Raman spectroscopy to indicate the presence of explosive precursors [29,30], 

this general goal, in fact, is the context of the work presented here. The 

principal point of contrast is that in a diffusion-controlled, reactive absorption, 

the drying of the substrate leads to a significant decay in the Raman signal. In 

large part, this would appear to be due to the crystallisation of the NaOH 

interfering with the detection process, whereas in the derivatisation method it 

is the crystallisation of the (ammonium) salt that drives the improvement in  

Figure 5-12. Flow scheme showing the BONAS detection process. 
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Figure 5-13. (a)(i) Schematic of the SERS detector hardware and (ii) photos 

of the system. (b)(i-iv) Explanative schematics of the detection process. 
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the SERS detection limit. Finally, it seems rather curious that a simple 

derivatisation methodology has not been methodically investigated or 

routinely exploited in the context of SERS, especially given that a bulk form of 

the technique is well established in the context of aerosol spectroscopy [31]. 

 

To summarise, we have demonstrated an improvement of ~ 104× in the Raman 

spectroscopy detection limit for low concentration acids by chemical 

derivatisation on a SERS substrate over the case of detection in solution on the 

same substrate; this detection threshold limit corresponds to ~ 100 ppb by 

volume. Shown only for the case of bench acids and ammonium salts here, 

this technique should apply to any low-concentration liquid contaminant 

which has a derivatisation reaction leading to a solid precipitate in intimate 

proximity to the surface, making this method applicable to a very broad range 

of systems.  

 

Chemical discrimination in the detection of nitric acid and sulphuric acid in a 

low-concentration, mixed solution was also clearly demonstrated. In addition 

to allowing for detection of very low concentrations, this technique may offer 

an additional benefit in that the derivatisation stage can act not only to 

facilitate SERS enhancement but also to further discriminate the desired 

analyte from other contaminants. These features, along with the relative 

simplicity and compatibility with small volumes and existing equipment, 

make this method an attractive alternative to other low-concentration liquid 

detection techniques. 
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5.4.  Prospective and peripheral experimentation, applications, and the 

development of the BONAS hardware 

5.4.1. Ammonia detection 

The detection method via chemical derivatisation is potentially broadly 

applicable. An exciting avenue might be in ammonia gas (NH3) detection. 

Here, the roles of reactant and reagent could be swapped and nitric acid could 

be applied in excess. Ammonia is used routinely in industry, for example, as 

a refrigerant, and is more challenging to detect sensitively and specifically. 

Currently, available ammonia sensors provide sensitivity in the ppm range; a 

SERS detector could hence improve on this by orders of magnitude, which 

may be useful from a preventative standpoint. However, as already indicated, 

issues of continuity of measurement, and operation in suitably wide 

temperature and relative humidity ranges could be problematic. Indeed, the 

solubility of gases might be the bottleneck in derivatisation studies. 

Preliminary experiments show that ammonium hydroxide detection by a 

SERS-derivatisation approach with nitric acid should work as well as the 

converse case. 

 

Dr Gerhard Müller, of Airbus Group Innovations (AGI) in Munich, Germany, 

has shared an interesting perspective on where a SERS detector could be 

useful for nitrogen-containing compounds. In nature, diatomic nitrogen is a 

very unreactive species (high bonding energy); however, nitrogen can take 

part in reactions with oxygen, hydrogen, and carbon. In this form nitrogen is 

much more interesting, forming compounds nitric oxide (NO) and later 

nitrogen dioxide (NO2), which may subsequently dissolve in water and be 

taken into the food chain by plants and then animals. Upon animal death, 
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proteins decompose to amines,14 and finally, ammonia (NH3), which may be 

re-dissolved into water and the cycle repeated [32].  

 

Our studies into nitric acid and ammonia detection are hence two molecules 

at the end of a long range of nitrogen-containing compounds, which are 

interesting to detect for a variety of reasons such as air pollution monitoring 

and food preservation. Müller points out that a SERS detector that could cover 

this range with high specificity, which may be more important than 

sensitivity, and have moderate cost (on a logarithmic scale) somewhere 

between low-cost sensors (102 – 103 EUR) and sophisticated analytical 

instruments such as ion mobility spectrometers (IMS), gas chromatography 

(GC) and mass spectrometers (MS) (104 – 105 EUR and more), may find a place 

in the commercial sensing market [32]. 

                                                           
14 Any organic compound that is nitrogen-containing and derived from ammonia. 

Figure 5-14. The SERS BONAS team at Airbus Group Innovations 

testing site, Munich, Germany. L-R: K. Maier (Airbus), G. Müller 

(Airbus), M. Hardy (QUB), M. Doherty (QUB), T. Möller (Serstech). 
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5.4.2. SERS substrate cleaning 

Part of a more commercial focus will be a greater look at SERS substrate 

recycling. Preliminary studies on the reusability of SERS substrates have been 

conducted on an inverted pyramidal substrate by Dr Johann Gӧbel, also of 

AGI in Munich, showing that a plasma clean on an ammonium nitrate 

contaminated substrate can remove the Raman signature of this compound 

before it may be made to reappear after another application of nitric acid and 

ammonium hydroxide.  Similar studies but involving gold nanodome 

substrates, as in Chapter 3, and Rhodamine 6G dye have been conducted 

recently at Queen’s University Belfast, showing a similar trend but with two 

iterations of the plasma clean and analyte application process. A reduction in 

Raman intensity was noted, suggesting some substrate degradation. 

Preliminary experiments in cleaning via sonic bath have also been conducted 

at AGI. 

 

5.4.3. The BONAS SERS sensor hardware 

Following experimentation on the derivatisation method, the project is 

rounded off with the development of a SERS detector, depicted in Figure 5-13. 

Here, there are several steps, the first being a reuse of the Peltier-cooled metal 

cone in the proof of concept work. Next, the derivatisation reagent is applied 

(ammonium hydroxide) and the stage is heated to evaporate the solvent 

(water).15 Finally, Raman measurements are acquired via a miniaturised laser 

                                                           
15 An additional problem from heating might be damage to the SERS substrate. This is certainly the 
case with the (low thermal conductivity) polyurethane-based nanodome structures (Chapter 3), but 
heating effects could also induce undesirable gold migration in the inverted SERS substrates studied 
here. Preliminary measurements suggest that this may indeed be the case with a decline noted in 
the SERS signal when the inverted pyramid SERS substrate was heated from 0 °C – 70 °C over the 
course of ~ 70 s. Ammonium nitrate decomposes ~ 250 °C. 
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and spectrometer, specially supplied by Swedish SERS company, Serstech AB. 

The switching of stages is facilitated by a rotating platform. The data is then 

fed into a central sensing monitor, which collects information from all BONAS 

sensors, and is developed by Portuguese technology company, Tekever. 

 

5.5. BONAS Project summary and concluding remarks 

In this chapter, we first summarised the BONAS project and presented some 

initial investigations into the detection of explosive precursors. In the bulk of 

the chapter, we have investigated the broad problem of liquid sample analysis 

in SERS, proposing a chemical derivatisation method as a solution. Using this 

approach, we show that nitric acid may be detected down to 100 ppb, an 

improvement of around four orders of magnitude over liquid phase detection. 

 

This is a promising approach that may be of use in detecting other compounds 

and this is laid out in a final section including a presentation of the BONAS 

hardware. A comparison with other analytical methods is provided in 

Appendix D. The general applicability of a chemical derivatisation technique 

in SERS is a good question. Alternative compounds may be more difficult to 

detect, perhaps involving derivatisation reactions with unwanted interferants 

(by-products). In the studies in this chapter, we also detect dilute sulphuric 

acid and show that some reactions may not always go to completion. These 

issues, amongst others, will need to be carefully considered and where 

possible, remedied to gauge the ambit of a SERS-derivatisation approach fully 

[34]. 
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The final sensor hardware has been showcased at the EMPHASIS16 and 

BONAS demonstration and synopsum: 'How to Find Bomb Factories’ at the 

Defence Research Agency (FOI) in Stockholm, Sweden. It is hoped that future 

project involvement, a ‘BONAS 2’ perhaps, may incorporate some of the 

nanodome and nanopillar structures studied in Chapters 3 and 4, which are 

more cost-effective than the inverted nanopillar structures used in the current 

work. 
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6.1. Summary 

Introductory Chapter 1 set forth a long-standing research problem, aptly 

described as ‘The SERS Uncertainty Principle’, which communicates the 

seemingly inherent trade-off in sensitivity and uniformity of signal (or batch-

to-batch reproducibility) among SERS platforms. Two SERS platforms have 

been studied to achieve a better balance between reproducibility and 

sensitivity, which have been characterised by an open-bench multi-

wavelength SERS Raman spectrometer, as outlined in Chapter 2.  

 

In Chapter 3, it has been argued that easily reproduced arrays of 100 nm-scale, 

gold-coated nanodome structures support Fano resonances, which can induce 

larger SERS EFs. The quality of reproducibility and uniformity of these 

substrates is taken a priori, although it may be that other polymers need to be 

explored to mitigate relaxation of the polyurethane, in this case, during the 

photocuring stage. 

 

The nanodome architecture has been investigated extensively, with SERS EFs 

noted in the range 104 – 105. It was determined, through a set of experimental 

far-field optics and near-field analyses (SERS), that a peculiar increase in the 

SERS EF at lower nanostructure packing densities is best described by 

considering the interaction of LSPs and SPPs. This data was complemented 

by analytical and numerical models. The LSP and SPPs were determined to 

be spectrally proximal with an isolated LSP position (λ2) of 745 nm projected. 

Visual comparisons between Coupled Oscillator Model intensity patterns 

and transmission spectra may suggest that the actual LSP placing should be 

closer to the theoretically determined Bloch superstrate, which is around 720 
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nm. The degree of certainty ascribed to this conclusion is a good question 

and has been addressed in Chapter 3. 

 

Chapter 4 then tackled the problem from another angle with leaning, gold 

nanopillar substrates. Here, the SERS platform is inherently more 

irreproducible from batch to batch and less uniform in any one sample, but 

the nature of the hot-spots (between adjacent pillar tops) provides some 

control over uniformity of signal. For the pillar structures, the uniformity of 

signal has been studied by our collaborators in the Danish Technical 

University (DTU) in an optimisation study showing approximately 2.5% RSD 

on the millimetre scale and 1.5% RSD across wafers [1]. We have reported 

SERS EFs in the 104 – 105 range, however, the cardinal contribution might be 

some of the afterthoughts towards further optimisation, specifically, in 

solution-sample interactions. A ‘semi-thought experiment’ using the Cassie 

hydrophobicity equations might also prove useful for other SERS 

architectures when using drop-casting.  

 

A qualitative agreement exists between some of the simple FEM dimer models 

explored and experiment, which may suggest that a coalescing arrangement 

is best representative of reality (-1.5 to -2 nm overlap). In addition, we show 

that interference effects may affect the system appreciatively: an EF of 10 in 

our numerical study, but probably much more; the pillars are relatively far 

apart in this model (~ 100 nm). 

 

Another essential feature of our studies has been a practical outlook. Both 

platforms are easily produced on a large scale. This is the norm for nanopillar 

structures but seemingly abnormal within the context of Fano resonance  
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studies, many of which appear to analyse more isolated (sets of) simpler 

structures. Of course, the upside of this is that it makes concurrence between 

numerical modelling easier. The FEM and FDTD data in our nanodome study 

show differences, large and small, with experimental results. Further, both 

nanopillar and nanodome platforms are designed to minimise fabrication 

costs, with nanoimprint lithography (domes), and a maskless reactive ion etch 

(pillars). Dr Paul Dawson, in Graham (2017) has underlined the need for a 

more practical perspective with some recent comments: 

 

And where has the “blind” application of SERS got us so far? I suppose the answer is 

quite a long way in terms of interesting things to do in the research lab, but not so far 

in terms of routine commercial application. In that regard the key issue is more the 

precise control of the enhancement component that we do understand well, namely the 

electromagnetic enhancement. That, in turn, requires very precise control of substrate 

fabrication that is highly repeatable and very affordable, a combination that has proved 

remarkably elusive over the years. Hopefully this situation is currently changing. The 

main challenge to detailed understanding beyond that of the electromagnetic 

enhancement appears to lie in the detail of the molecule–substrate interaction. As a 

rather general comment, to that end it should be useful to study the enhancement of 

the same molecular species on metal, dielectric and semiconducting substrates, 

provided the electromagnetic component can be “tied down” in each case. [2] 

 

The motif of tying down the electromagnetic enhancement has carried 

through to a recent publication, ‘Novel Routes to Electromagnetic Enhancement 

and its Characterisation in Surface- and Tip-enhanced Raman Scattering’ (Dawson, 

2017) [3]. 
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Any discussion on the reproducibility or uniformity and sensitivity of a SERS 

substrate must be more than a superficial analysis of the relevant quantities. 

Instead, the presentation demands a thorough analysis of the enhancing 

platform to suggest why it has such attributes. We have tried to do this here. 

 

Subsequently, in Chapter 5, the application of SERS to liquid samples has been 

discussed in the context of security. Some of the recent research of the Bomb 

Detection by Networks of Advanced Sensors (BONAS) consortium has been 

reported, and consequently, an emergent problem of dealing with SERS and 

liquid samples has been explored via a simple chemical derivatisation 

technique. A detection limit of 100 ppb is recorded for nitric acid. 

 

6.2. ‘The SERS Tube Map’ 

Many aspects of the nanodome and nanopillar substrates have been discussed; 

a reminder of the complexity of SERS experiments. It may be argued that at 

the outset, before embarking on any SERS experiment, researchers could do  

 

Figure 6-3. The SERS spectrum of 10 

µM R6G taken on an inverted 

pyramidal SERS substrate over a 30-

minute period of continuous laser 

illumination (633 nm, ~ 3 mW) on one 

spot, showing high photostability. 

Four Raman bands marked, as 

measured in Figure 6-2 (and colour-

coded correspondingly). 
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better in considering some of more peripheral (yet collectively important!) 

issues. Given the breadth of issues, some of which are outlaid in the brief 

discussion on ‘Meaningful Comparison in SERS’ below, it may be that a more 

pedagogical approach is needed in SERS. Hence, ‘The SERS Tube Map’ (Figure 

6-1) is introduced as a roadmap for the SERS researcher, which is based on a 

similar construction elsewhere [4]. It makes it clear why SERS experiments can 

Figure 6-4. Liquid drops and the coffee ring effect. (a)-(d). Magnified optical 

images (5×) of coffee rings for R6G on inverted pyramidal SERS substrate 

corresponding to scenarios (a)-(d) as in Figure 6-2. All scale bars represent 100 µm. 

Colour enhanced for clarity. (a) shows small regions of heterocoagulation. (b) has 

visibily increased R6G density 100s of µm from the periphery. (c) displays a more 

uniform coverage. ‘Swirl pattern’ in (c) is probably product of R6G rushing to the 

periphery during the (especially) rapid evaporation end phase. Dark area seen in 

(d) is inverted pyramid SERS active area. 

 

(e) As a liquid droplet evaporates it will carry any particles to the periphery of the 

liquid area: the coffee ring (CR) effect. This is due an evaporation gradient across 

the liquid-air interface. Although factors such as solution pH and particle shape 

have been shown to affect CR formation, and some particles can return to central 

regions, the effect is well described by Deegan (1997). 
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be unwieldy beasts: they can cover many sub-disciplines. This may also be 

why SERS research is so interesting!1 

 

6.3. Meaningful comparison in SERS 

A yet undiscussed critical area is that of meaningful comparison of SERS 

experiments. After all, why experiment on any SERS platform if the results 

across laboratories are not comparable? Some matters are briefly discussed. 

 

6.3.1. EF calculations 

Famously, in the single molecule experiments of the late 1990s, Nie and Emory 

(1997) [5] and Kneipp (1997) [6] reported SERS EFs of circa 1014. However, 

these figures are now deemed to be misleading. Both parties used a SERS 

reference with a much lower Raman cross-section (and under non-resonant 

conditions). Consequently, Le Ru (2007) set forth a ‘comprehensive study’ on 

SERS EFs in an attempt to standardise SERS EF calculations [7–9]. An essential 

(general) distinction is made between experimental calculations over the whole 

substrate area, of interest in analytics, and the numerically determined EFs at 

certain localities where the electric field may be very high (hot-spots), suitable 

                                                           
1 An analogy might be: say, you are on board an aeroplane and you are told that it is going to crash. 
‘Not to worry’, says the captain calmly, before giving thorough a technical overview of the problems 
facing the aircraft before it subsequently hits the ground. Of course, what you really needed was a 
parachute! This story might represent where we are with SERS. The theory may be in place, much of 
it in the work of Le Ru and Etchegoin and summarised in [8] (and plasmonics recently summarised by 
Maier (2007) [45] whilst Raman spectroscopy has been expounded by Long and many others [46]), 
but a more pedagogical work on how to actually do SERS might be useful. With SERS (still!) 
increasing in popularity (Figure 6-7) and the multifaceted, interdisciplinary nature of the field (SERS 
Tube Map, Figure 6.1), such a guide might be timely. Additionally, as highlighted recently by 
Professor Zhong-Qun Tian, Department of Chemistry, Xiamen University, China, the bar for doing 
SERS is comparatively low:  
 
However, the SERS community is quite different from many other communities, with people from 
many different fields such as chemistry, physics, materials, life sciences/ medicine, etc. This is 
because SERS is very attractive and has a very low threshold for people to come in. [20] 
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for discussion in single-molecule SERS investigations. Further, increased 

recognition of the SERS EF as a function of the Raman-scattered wavelength 

(in experimental studies) and how this relates to the plasmonic response of the 

substrate might be useful. 

 

6.3.2. Analyte inhomogeneities 

However, we argue that the lack of transparency in SERS calculations or 

mathematical differences is just the tip of the iceberg. There are many other 

(often subtle) experimental reasons why SERS experiments are difficult to 

compare. As a poignant example, we present some simple data displaying 

different SERS EFs calculated from the same SERS substrate (inverted 

pyramids) in Figure 6-2 (also supplementary Figures 6-3 and 6-4, as well as 

Equation 6.1, which deals with the capillary flow of particulates in a drying 

Figure 6-5. Prospective project: A large-scale simultaneous comparison of 

different SERS substrates? 
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drop). There are remedies for this specific problem of analyte inhomogeneity,2 

but what about preferential analyte deposition in or around nanostructures?  

 

6.3.3. Metallisation issues 

Moreover, it may be that metallisation differences need more scrutiny. In 

recent work, McPeak (2015), makes a case for ‘better plasmonic films’, namely, 

fewer grain boundaries, higher metal purity, and lower surface roughness 

[10]. On the latter, Dawson (1991) has reported the effect of grain boundaries 

in roughened films on the SERS signal [11], in an STM-SERS study. Thin film 

formation is complex, necessitating consideration of the substrate 

temperature, material melting point, vacuum quality (and system 

arrangement) and deposition rate. However, McPeak (2015) provides some 

general guidelines: 

 

1. Select a deposition (substrate) temperature and use this for all metal 

depositions (usually room temperature is fine). 

2. Increase the vacuum as much as possible to reduce interaction with 

residual gases. 

3. Adopt high deposition rates to mitigate the effect of residual gases. 

 

These general bits of advice are intuitive, and indeed, fairly inconsequential 

for gold, which is relatively unreactive [10]. However, for silver, copper and 

                                                           
2 Coppé (2011) suggests that an air gap in their nano-cone platform (a Cassie-Baxter regime) 
suppresses the coffee-ring effect by allowing another interface from which the drop can dry [47]. 
Alternatively Bell and co-workers have utilised swellable polymer films impregnated with silver and 
gold colloids as a method to mitigate capillary forces in drop-casted SERS and strike an improved 
signal-uniformity and sensitivity trade-off with impressive longevity [48–51]. Meanwhile, Guicheteau 
(2017) has preferred to relegate drop-casting as a method not suitable for analytical measurements 
[9]. 
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aluminium, the guide should be enforced to varying degrees, to improve upon 

the optical properties given in the standard references of Johnson and Christy 

(1972) [12], Palik (1998) [13], and Rakić (1995) [14]. For example, silver appears 

to only form (111)-oriented grains below 1 ×10-7 Torr (1.3 ×10-7 mbar) [10]. 

 

6.3.4. Other problems 

The discussion here has made little mention of chemical effects or some of the 

other experimental issues faced in SERS, including analyte photobleaching 

and errors in sequential dilutions, which may have a cumulative detrimental 

effect on SERS accuracy. Remedies and partial remedies are available: for 

example, Raman dyes that are relatively photostable could be chosen (such as 

R6G, demonstrated in Figure 6-3) and for the latter example, dilution 

sequences should be chosen to mitigate compound error as much as possible. 

Many of these points are highlighted in the SERS Tube Map in Figure 6-1.  

                        

𝑡 = ∫
𝑑𝑟

𝑣

𝑅

𝑡𝑡

 ∝ (R −  𝑟𝑡)
1+ 𝜆                                                  (6.1)3 

 

 

                                                           
3 In fact, the coffee-ring phenomenon was first noted by botanist Robert Brown (of Brownian motion 
fame) [52], as recently highlighted by Goldstein (2018) [53]. 
 

Equation 6.1. Deegan (1997) explains that for a droplet of radius, R, 

with a particle at rt, the time taken, t, for the particle to reach the 

droplet perimeter is proportional to the particle distance from the 

perimeter and λ, which factors in the droplet contact angle. v is the 

diverging particle velocity. 
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6.3.5. Looking forward at SERS comparisons 

The SERS literature is still difficult to compare, but rather than accuse SERS 

research of scientific obfuscation, it may be fairer to suggest that some SERS 

practitioners are either unaware of the myriad of issues to consider in the 

experiments or that they (understandably) do not have the pedantry to fill 

supplementary sections with details. A comprehensive discussion of 

experimental differences that lead to SERS EF discrepancies would be an 

exciting follow-up. Additional studies have been proposed in the individual 

Figure 6-6. (a) The Gartner ‘hype cycle’ concept for a maturing 

technology, and (b) a proposed specific hype cycle for SERS [5–8,15–

26]. 
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results chapters. However, another suggestion of more general interest might 

be a large-scale comparison of the properties of different SERS substrates, with 

the same system set-up (Figure 6-5). Such a study could subsume some of the 

SERS substrate data presented in this thesis and might mitigate some of the 

subtle experimental factors that can make comparisons difficult, hence giving 

a more accurate picture of the best SERS platforms. Alternatively, the same 

SERS substrate could be analysed in different labs where the experimental 

conditions are closely monitored. Analogously, Blum (2015) has performed 

such an inter-laboratory study within the context of tip-enhanced Raman 

spectroscopy (TERS) [9]. 

 

6.4. Thought on the place of numerical study 

It is difficult not to feel like the current experimental studies have been very 

descriptive in nature. By this, we mean that SERS substrates with often (many 

different) arbitrarily decided heights, densities, periods etcetera are ‘tried out’, 

and numerical modelling is then used to aver experimental interpretations. 

This feels a little subversive. Future work would be better as being more 

prescriptive, meaning that the SERS platforms could be designed based on 

many (easily adjusted) models, and this, of course, will require utmost faith in 

said numerical modelling. 

 

6.5. SERS: Where do we go from here? [5–8,15–26] 

The experimental focus in SERS has changed over the years. Moskovits  (1987) 

notes that the focus in the first few years post-discovery was within an 

electrochemical context [26]. Given the nature of the SERS discovery, this is 

not surprising [22] and in fact, Raman studies on electrodes were not common. 

That the pyridine experiment took place really was as a result of Martin 
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Fleischmann and Pat Hendra’s individual research interests (electrochemistry 

and Raman spectroscopy, respectively) [23]. Here too, we have proposed some 

overlaps, namely Fano resonances and hydrophobic concerns. The former has 

been heavily discussed in the context of SERS but rarely employed, while 

solution-substrate interactions and the effect on SERS when drop-casting may 

be found wanting in the research literature. 

 

In the literature, there are also many interesting scientific overlaps. For 

example, we also see work on simultaneous SPR and SERS following on from 

some historical studies [27], and a recent focus on SERS with STM/AFM set-

ups, in the form of TERS [3,28]. For application in forensics, Ho (2016) 

introduces a thin layer chromatography (TLC) stage in a SERS investigation 

of inks [29], and Morelli (2017) readies p-coumaric acid (pHCA), a secondary 

metabolite of E. Coli, for SERS analysis with a pre-stage of microfluidic 

supported liquid membrane (SLM) extraction [30]. Meanwhile, Sanger (2017) 

has harked back to SERS’ beginnings with dual electrochemical-SERS sensor 

[31]. Far from being outdated, it may be that SERS and electrochemistry are 

Figure 6-7. An analysis of the number of papers with the words ‘SERS’ (purple 

lines) and ‘Surface enhanced Raman’ (broken red/yellow lines) in abstracts in (a) 

academic paper preprint repository, ‘ArXiv’ (1995 – 2018), and (b) search engine, 

‘PubMed’ (1994 – 2017), per year. Analysis from benty-fields.com/trending [38]. 
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still good bedfellows: Andrade (2010) has investigated the SERS response of 

4-aminopyridine (4-AP) [32], useful for improving motor function in multiple 

sclerosis subjects [33], in an electrochemical set-up.4 It is interesting to think of 

‘where next?’ 

 

6.6. SERS as an analytical tool 

The place of SERS as an analytical tool has been of some debate in the broader 

analytical chemistry community, but this may be changing [34]. Professor 

Steven Bell in Aitchison (2017) discusses the ‘analytical question’ in SERS 

citing the use of internal standards and points out that many other analytical 

techniques require calibration steps and emphasis should be put on the end 

user: 

 

I do think that the SHINERS [Shell-isolated nanoparticle-enhanced Raman 

spectroscopy] approach is potentially very useful in this area. Also, more generally, 

your idea of asking end users what they consider to be good reproducibility in the 

context of their particular measurements may be a good way forward, since the 

requirements may be very different for different groups. For example, in the nicotine 

work we had the advantage of being able to average over large numbers of particles 

and add an internal standard, but in other cases that may not be possible. Also, as 

Prof. [Roy] Goodacre [School of Chemistry, University of Manchester] has 

pointed out, many very successful analytical methods require calibration steps to be 

included as part of the method, so using these approaches in SERS-based procedures 

may be acceptable to end users in some contexts. Having a clear picture of what end 

users really need in order to consider routinely using SERS methods in their 

                                                           
4 Silver and copper electrodes are used whilst changing the electrolytic solution; they note that it is 
‘an important issue in order to improve the understanding of its interaction with cellular species’. 
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laboratories should help us to focus on the issues that are stopping the widescale 

adoption of SERS by the broader analytical chemistry community. [20] 5 

 

Wei (2017) suggests the use of the Rayleigh peak (laser line) as a standard [35]. 

We suggest that this is important (internal standard use) because it may not 

be enough to use an inherently irreproducible, erratically formed SERS 

substrate and have faith that the signals will ‘even out’. With a limited number 

of measurements on such substrates, many assessments of uniformity 

arguably should be rejected a priori. Here, without an internal standard, 

inductive reasoning fails to be a good strategy.6  

 

The state of the field concerning analytics is discussed exhaustively in refs. 

[20,36]. Natan’s 2006 Faraday Discussion comments on the criteria for 

analytical SERS substrates suggested [15]: 

 

1. SERS EF > 105. 

2. Spot to spot reproducibility < 20% (10 mm2 area). 

3. Batch to batch reproducibility < 20%. 

4. Stability of < 20% in signal over one month. 

 

                                                           
5 A plasmonic metal nanoparticle covered with a thin (< 5 nm) layer of typically Al2O3, MnO2, SiO2, or 
AgS, which increases nanoparticle stability and prevents metal-analyte adsorbate complex formation 
[36]. 
 
6 In addition to Shell-isolated nanoparticle-enhanced Raman (SHINERS) work [20], and Bell and 
Sirimuthu’s (2004) [50] use of pyridine and nicotine (similar molecules) as highlighted above, Zhang 
(2005) has also used isotopically substituted molecules  [54], but these are expensive and not easily 
attainable. 
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These are probably still viewed as sensible guidelines for the SERS community 

[36]. However, it seems that the criteria for good uniformity measurements 

could be more stringent, for example, consideration of the optics employed. 

This is set out by Le Ru (2009) [8]. Further, Raman and SERS may fit in rather 

well with a trend towards green analytical chemistry [37]. Following on from 

our chemical derivatisation work in SERS (Chapter 5), we include a 

comparison of this with some other analytical techniques in Appendix D. 

 

6.7. Final remarks 

For now, it appears that SERS research has no sign of abating (Figure 6-7, 

derived from ref. [38]); however, whether this translates into long-term real-

world applications remains to be seen. Meyer (2012) has cautioned against the 

study of variations of SERS substrates ad nauseam, stating that: 

 

…it should be recognized that this diversity can sometimes come as a disadvantage: 

unless a substrate displays a truly revolutionary new property over previous 

realizations, its impact is diluted in the pool of possibilities. It is not uncommon to see 

new SERS substrates being pursued only by isolated efforts or to be abandoned 

altogether over time. [27] 

 

Hence, our efforts to study SERS platforms with interesting plasmonic 

properties. Recent work by Procházka (2015) [36] and discussion by Larmour 

(2011), [39] as well as by a cohort of SERS practitioners in Baumberg (2017), 

suggests SERS might be here to stay, finding many bio-applications [40]. 
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Ordinary Raman spectroscopy is projected to experience an increase in its 

global market worth in the coming years (2017 – 2021) [19], driven mainly by 

the increased need in pharmaceuticals [36,41–43] and it may be that SERS 

might catch some of this wave. Raman spectroscopy has already found use in 

many different fields [8] ranging from security, forensics, healthcare, food 

technology and art! Kiefer (2007) remarks [44], ‘sometimes I am asking myself 

what cannot be done with Raman spectroscopy.’ Maybe we will be able to 

extend that sentiment (and more!) to surface-enhanced Raman too. 
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Raman scattered wavelengths for Crystal Violet and Rhodamine 6G 
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Excitation 
Wavelength (nm) 

Raman Band 
(cm-1) 

Scattered 
Wavelength (nm) λ(ex)+λ(sca)/2 

532 443 545 538 

532 803 556 544 

532 915 559 546 

532 1185 568 550 

532 1617 582 557 

543 443 556 550 

543 803 568 555 

543 915 571 557 

543 1185 580 562 

543 1617 595 569 

594 443 610 602 

594 803 624 609 

594 915 628 611 

594 1185 639 616 

594 1617 657 626 

633 443 651 642 

633 803 667 650 

633 915 672 652 

633 1185 684 659 

633 1617 705 669 

671 443 692 681 

671 803 709 690 

671 915 715 693 

671 1185 729 700 

671 1617 753 712 

692 443 714 703 

692 803 733 712 

692 915 739 715 

692 1185 754 723 

692 1617 779 736 

780 443 808 794 

780 803 832 806 

780 915 840 810 

780 1185 859 820 

780 1617 893 836 

Table A-1. Raman scattered wavelengths (nm) and average 

spectral positions for various CV Raman bands at different 

excitation wavelengths. 



Raman scattered wavelengths 

 

A-3 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Originally calculated by Matthew D. Doherty, School of Maths and Physics, 

Queen’s University Belfast. 

Excitation 
Wavelength (nm) 

Raman Band 
(cm-1) 

Scattered 
Wavelength (nm) λ(ex)+λ(sca)/2 

594 613 616 605 

594 775 623 608 

594 1185 639 616 

594 1312 644 619 

594 1364 646 620 

594 1510 653 623 

594 1650 659 626 

633 613 659 646 

633 775 666 649 

633 1185 684 659 

633 1312 690 662 

633 1364 693 663 

633 1510 700 666 

633 1650 707 670 

671 613 700 685 

671 775 708 689 

671 1185 729 700 

671 1312 736 703 

671 1364 739 705 

671 1510 747 709 

671 1650 755 713 

692 613 723 707 

692 775 731 712 

692 1185 754 723 

692 1312 761 727 

692 1364 764 728 

692 1510 773 732 

692 1650 781 737 

780 613 819 800 

780 775 830 805 

780 1185 859 820 

780 1312 869 824 

780 1364 873 826 

780 1510 884 832 

780 1650 895 838 

Table A-2. Raman scattered wavelengths (nm) and average 

spectral positions for various R6G Raman bands at different 

excitation wavelengths. 
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An analytical model for interference effects from a reflective surface in the 

context of leaning nanopillars  
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The discussion in Chapter 4 on interference effects in the nanostructured 

environment may be approached analytically by modelling the positions of 

constructive interference by considering the phase change for the impinging 

photons that are reflected from the gold substrate (Figures B-1 and B-2). This 

simple model assumes (perfectly) vertically aligned pillars without caps. This 

is idealistic; clearly, the structures are leaning (in fact, this is crucial to 

achieving the maximum SERS enhancement) and this leaning, along with the 

cap geometry, has been shown to perturb the local electromagnetic field. It is 

therefore unrealistic to expect too much correspondence with experiment. 

Nevertheless, this model may be useful as a starting place in future 

investigations. 

 

Figure B-1. Model of the constructive interference points from a 

reflected wave with (a) a 180° phase change and (b) 130° phase 

change (as is approximately the case with gold). 
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Figure B-2. Modelling the discrepancy to constructive interference (CI) points 

from a reflected wave 130° phase change (as is approximately the case with 

gold) for four different excitation wavelengths. Experimental pillar heights (pre-

leaning) are indicated by yellow shaded regions) 
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Recently, we have collaborated with The University of California, Los Angeles 

(UCLA), USA, to produce gallium arsenide nanopillars (Figure C-1). These 

structures can be fabricated with precision and versatility in terms of height 

and density for plasmonic tunability and should not be perturbed by tensile 

forces from an applied solution. Currently, these structures are fabricated in 

arrays of the order of 100 µm2. This is a problem for analysis in the open-bench 

Raman system and necessitates a Raman microscope approach. 

 

We have also been studying erect ‘forests’1 of (multi-walled) carbon nanotubes 

([MW-] CNTs) in conjunction with the University of Cambridge, UK, for SERS 

applications (Figure C-2). These structures, analogous to those in Dawson 

                                                           
1 As opposed to ‘ordered arrays’. 

Figure C-1. Arrays of gallium arsenide (GaAs) nanopillars. (a) 

The range of nanopillar diameter and array pitches produced. 

(b) 30° SEM micrograph of sample D. (c) Optical image of the 

25 nanopillar arrays. (d) 30° SEM micrograph of Sample V. 
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(2011) and Raziman (2018) [1,2] but more ‘spaghetti-like’, can be grown to 

have a range of lengths while the mean diameter and pitches can be kept 

approximately constant (Figure C-2(b)). However, less desirably, some SEM 

micrographs, display clear sub-populations of shorter pillars. Hopefully, this 

may be rectified in future batches. As in the leaning nanopillar work here, 

adjacent CNTs appear to fall towards each other under water tension as in 

(intensely fluorescent) Figure C-2(a). This has also been reported in CNTs in 

ref. [1]. Multi-wavelength SERS measurements have been recently taken on 

the Cambridge CNTs and analysis is in progress. In addition, it is clear from 

Figure C-2(a) that the structures themselves act somewhat to slow the flow of 

analyte molecules towards the drop-casted area periphery. 

 

Figure C-2. Multi-walled carbon nanotube (MW-CNT) forest samples. (a) 

Optical dark-field image of 10 µM R6G dye on CNT sample. (b) The range of 

CNT diameters, lengths and array pitches produced as a function of growth 

time. Near parallel SEM images of (c) Sample A (growth time 5 minutes) and 

(d) Sample B (growth time 10 minutes). 
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Thus, we highlight another set of forest CNTs from the University of Surrey. 

These SERS platforms have the unusual property of being intricately 

patterned on the microscale (Figure C-3). In Figure C-4, a molecular highway, 

an array of parallel-spaced CNTs, is employed to retard the progress of the 

analyte molecules, which seek to move outwards during drying under the 

capillary forces of the evaporating droplet. This offers a more uniform 

molecular surface density. The fluorescing molecules in Figure C-4(a) make it 

clear that this phenomenon is direction specific: the retardation is less 

prominent in the direction along the axis of the bars. This concept is noted in 

a nanopillar SERS platform created by the Agri-Food and Biosciences Institute 

(AFBI), Belfast, UK, whose hatched nano-design sought to achieve a similar 

end [3,4]. Here, we present more intricate designs. SERS measurements have 

recently been performed on the Surrey patterned substrates and are currently 

in the analysis stage.  

 

Figure C-3. (a) Optical image of arrays of CNT dots, and (b) close-up SEM image. (c) 

Raman spectrum (782 nm excitation) from CNT samples and range of lengths 

produced (RBM = radial breathing mode Raman vibration). (d)(e) Patterned CNT 

substrates (contrast adjusted for clarity). (f) Optical dark-field image of edge of R6G 

molecules surrounding CNT dot. 
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As an aside, it has been noted that both sets of CNTs (Cambridge and Surrey) 

often have a superhydrophobic (> 150°) interaction with the drop-casted 

analyte (in this case 10 µM, 2 µL R6G [solvent: water]). This may be 

advantageous in low-concentration analysis. However, it can also make 

applying (small) volumes difficult. It is not always energetically favourable 

for the droplet to stick to the surface (rather than the micropipette tip), and 

consequently substrate surface damage can occur. Further, calculations 

become more problematic: the dried spot regions are much less circular in this 

regime.2 It may be that these more disordered, or ‘curly’, CNTs should be 

considered fundamentally different than those in refs. [1,2]. This does not 

necessarily constitute a disadvantage for SERS sensitivity, however, as the 

work of Štolcová et al. (2015a) suggests where crossing points between silver-

coated, elongated, glass structures prove good for hot-spots (and offer some 

control over hot-spot density) [5,6]. 

                                                           
2 This may be the case, even without intricate patterning, as in Figure C-4. It might be partly due to 
manually induced surface inhomogeneity as a result of damage accrued to the substrate due to the 
pipette tip touching the surface. The (manual) application of the µL-sized droplet to an almost super-
hydrophobic surface is difficult. 

Figure C-4. ‘Molecular highways.’ (a) Optical dark-field image of nano-

patterned bars for the control of the flow of analyte molecules (R6G), and 

close-up in (b). 
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In this section we offer a comparison between the SERS derivatisation 

technique reported in Chapter 5 and a selection of other analytical techniques 

commonly used for trace ion detection. This takes the form of Table D-1 and 

Figures D-1 and D-2. It is difficult to give precise cross-comparisons over all 

techniques but it is endeavoured to give a reasonable range of parameter 

values for the techniques considered. Moreover, the comparison is made with 

a view to emphasising SERS derivatisation as a cost-effective, highly portable 

technique for measurements in the field that also offers high sensitivity, rather 

than as a replacement or competitor for high-end laboratory apparatus. Thus, 

in Figure D-1, which charts sensitivity against execution time (i.e. sample 

preparation and data acquisition time), the target region is the lower left 

region of the graph. Similarly, the desirable combination of high portability, 

manifesting in an increasing hand-held Raman spectrometer market [1–3], 

and low cost lies to the lower left region of Figure D-2.  

 

With suitable further development we would argue that SERS derivatisation 

could indeed be a viable and competitive technique for the detection of trace 

ionic contaminants in liquid form in terms of the desirable criteria specified 

by these illustrative figures. In particular, there is a premium on portability in 

various contexts and relevant to this goal it is noted that hand-held SERS 

systems have been developed in recent years, including that from Serstech 

which is incorporated within the collaborative effort in Chapter 5. One of the 

outstanding problems in extending the applicability of SERS is the provision 

of very economical, reproducible substrates that are thermally robust enough 

to withstand potential high laser input intensities. KlariteTM, used in this work, 

met the latter two criteria but at an uneconomically high cost and has recently 

been discontinued as a product.
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The following prospective study titles and overviews are largely based on 

the work in the main thesis body. 

 

‘A correlative SEM-Raman (RISE) spectroscopy analysis of Fano 

interactions in plasmonic nanodome arrays.’ 

An extension of the RISE study in Chapter 3, looking at the SERS response at 

other nanostructure periods and wavelengths. This is still a comparatively 

new technique and might provide some informative visuals of the Fano 

interaction on the μm-scale. Also see refs. [1,2]. 

 

‘Fano resonances and periodic nanodome arrays in a systematic,  

numerical follow-up study.’ 

An extension investigation to profile the plasmonic (near-field) landscape of 

nanodome in Chapter 3. The list of possible models is given towards the end 

of the chapter. ‘Numerical only’ studies may often be poorly received, but 

the interesting phenomena here might make this worthwhile. It may be that 

these additional numerical studies should be assimilated into the current 

discussion, but a full numerical follow-up really could be quite protracted 

and therefore perhaps warrants its own project. The key about these models 

is that they should follow an ‘escalation strategy’ whereby the (actual 

experimental) system is replicated by ever-increasing accuracy. This avoids 

the problem encountered in Chapter 3, whereby extracting useful s-

parameters was difficult. 
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Figure E-1. Top-down 2D schematics of current and other 

nanostructure geometries (a) ‘Edge-to-edge’ nanodomes, 

(b) nanodiamonds, (c) and (d) nano-hexagons and (e) ‘side-

to-side’ nanodomes. Samples 1 – 7 (up to 800 nm period). 
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‘The broad applicability of chemical derivatisation in surface enhanced 

Raman spectroscopy as an analytical technique.’ 

A study into some other compounds that may be of use to the derivatisation 

approach as detailed in Chapter 5. Not all chemical reactions will be as 

‘clean’ as the ammonium nitrate scheme presented in Chapter 5. How 

broadly applicable is the technique? How much do by-products or other 

interferents impact sensitivity? Can a chain of ammonia-containing 

compounds be detected, and could a competitive commercial detector be 

produced? [3] 

 

‘Nano-diamonds and nano-hexagons for dual-wavelength SERS 

substrates.’ 

Making use of some of the other Tyndall-produced nanostructures to design 

SERS substrates that perform (optimally) at multi-wavelengths. The 

symmetry of the current structures employed dictates that they are single-

wavelength platforms (see Figure E-1). 

 

‘Experimental obstacles to meaningful comparison in SERS EFs.’ 

A part review, part discussion of the continued problem of comparing 

different results in SERS. Is there any long-term future for EFs? Based mainly 

on some of the issues highlighted in this thesis (see ‘SERS Tube Map’, 

Chapter 6, Figure 6-1). 
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‘A large-scale, multi-wavelength surface enhanced Raman excitation 

spectroscopy (SERES) study of the performance of different SERS 

substrates.’ 

A single (simultaneous) multi-wavelength SERS study on several common 

SERS architectures (on the same experimental set-up) might provide a more 

accurate comparison of such structures. Could subsume some of the data 

presented in this thesis (see Chapter 6, Figure 6-5). Analogue in Blum (2015) 

[4]. 

 

‘Visualising the Invisible in SERS: Radioisotopes as a vehicle to 

experimentally investigate multilayer effects.’ 

Via the use of a (Raman-active) radioactive isotope, not only the SERS signal, 

but the number of molecules being sampled could be probed via the 

radioactivity signal. Recent isotopologue studies have been performed in the 

context of single-molecule SERS and quantitative SERS studies [5,6]. 

 

‘Surface plasmon resonance sensing and Fano resonance nanodome 

arrays.’ 

Subsuming some of the earlier work by David Edwards and Michele Atzeni 

in Paul Dawson’s group at QUB and some of the ellipsometric data in 

Chapter 3, with some further experiment to demonstrate sensing of known 

compounds, a full report could be given [7]. 
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‘Plasmonic nanograins illuminating the near-field – far-field relationship 

in SERS: a multi-wavelength study.’ 

Simple nanograin structures can be highly tuned with high levels of 

monodispersity. Do the nanostructure dimensions, spacing and the variance 

in these quantities relate at all to the far-field and SERS signals? [8] 

 

‘Photothermal effects and SERS.’ 

A study into the photothermal changes in (simple) plasmonic nanostructures 

and the subsequent effect on SERS enhancement [9]. 
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