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Abstract  

Different types of plasmonic nanostructures are proposed and examined experimentally and 

theoretically, with a view towards sensing applications. First, a self-assembly approach was 

developed to create arrays of well-ordered glass-supported gold nanoparticles (AuNPs) with 

controllable particle size and inter-particle spacing. Then, a periodic array of gold nano-disks 

(AuNDs) supported by a Bragg reflector was proposed and examined in a search for Fano 

resonances in its optical response. Arrays of heptamer-arranged nanoholes (HNH) in a thin 

gold film were also proposed and explored theoretically and experimentally, revealing a very 

rich spectrum of resonances, several exhibiting a Fano lineshape.  

 

A commercial implementation of the vectorial finite element method (FEM) was used to model 

our plasmonic structures. Taking advantage of the periodic nature of the structures, a unit cell 

containing a single element was modelled. The transmittance, reflectance or absorbance 

spectra were computed, and the associated electromagnetic fields were obtained by solving the 

vector wave equations for the electromagnetic field vectors throughout the structures, subject 

to the applicable boundary conditions, and the applied source fields. The sensing performance 

of the structures, based on the bulk sensitivity, surface sensitivity and figure of merit (FOM) 

was calculated.  

 

First, a novel bottom-up fabrication approach was applied (by our collaborators) to form a 

periodic array of AuNPs with controllable size over large areas on SiO2 substrates. In this 

method, self-assembly of block copolymer micelles loaded with metal precursors was 

combined with a seeding growth route to create ordered AuNPs of desired size. It was shown 

that this new fabrication method offers a new approach to tune the AuNP size and edge-to-

edge inter-particle spacing while preserving the AuNP ordering. The optical characteristics of 

the AuNP arrays, such as their size, interparticle spacing, localized surface plasmon resonance 

(LSPR) wavelength, and bulk sensitivity, were examined, numerically and experimentally. 

This proposed novel fabrication method is applicable for low-cost mass-production of large-

area arrays of high-quality AuNPs on a substrate for sensing applications. 
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Then, we proposed and examined the formation of Fano resonances in a plasmonic-dielectric 

system consisting of uncoupled gold nano-disk (AuND) arrays on a quarter-wave dielectric 

stack. The mechanism behind the creation of Fano resonances was explained based on the 

coherent interference between the reflection of the Bragg stack and the LSPPs of the AuNDs. 

Fano parameters were obtained by fitting the computational data to the Fano formula. The bulk 

sensitivities and figure of merit of the Fano resonances were calculated. This plasmonic 

structure supports Fano resonances with a linewidth around 9 nm which is much narrower than 

the individual AuND LSPP bandwidth ( 80 nm) and the Bragg stack bandwidth ( 100 nm). 

Supporting Fano resonances with such a narrow linewidth, the structure has a great potential to 

be used for sensing applications. Also, this metallic-dielectric nanostructure requires no near-

field coupling between AuNDs to generate the Fano resonances. So, the AuNDs can be located 

far enough from each other to simplify the potential fabrication process.  

 

The optical properties of HNH arrays on an SiO2 substrate were investigated, numerically and 

experimentally. Helium focused ion beam (HeFIB) milling was applied (by Dr. Choloong 

Hahn) to fabricate well-ordered and well-defined arrays of HNHs. Transmittance spectra of the 

structures were obtained as the optical response, which exhibits several Fano resonances. Then, 

the mechanism behind the formation of the Fano resonances was explained, and the sensing 

performance of the structure was inspected by measuring the bulk sensitivities. This array of 

nanohole cluster is exciting because it supports propagating SPPs and LSPPs, and also Wood’s 

anomaly waves, which makes the optical response very rich in excitations and spectral 

features. Also, as a periodic array of sub-wavelength metallic nanoholes, the system produces 

extraordinary optical transmission - highly enhanced transmission through (otherwise) opaque 

metallic films at specific wavelengths, facilitating measurement acquisition in transmission. 
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1. Introduction 

Plasma oscillations of conduction electron gas on the surface of a metallic structure can couple 

to incident light and form coupled excitations called surface plasmon polaritons (SPPs). SPPs 

are usually categorized into two main groups, propagating surface plasmon polaritons and 

localized surface plasmon polariton (LSPP). Propagating SPPs are (transverse magnetic) TM-

polarized waves propagating along a metal-dielectric interface [1]. As illustrated in Figure 1(a), 

the SPP fields peak at the metal-dielectric interface and decays exponentially away. The 

properties of propagating SPPs can be derived using Maxwell's equations, which eventually 

results in obtaining the wave number, k, of the propagating SPP as follows [2]: 

 

 
(1) 

where  is the relative permittivity of the dielectric,  is the optical frequency, c0 is the speed 

of light in free space, and  is the real part of the relative permittivity of the metal. Based on 

the Drude model [3],  can be expressed as: 

 

 

(2) 

where ωp is the plasma frequency, and γ is the damping parameter of the bulk metal. For visible 

and near-infrared light, γ ωp, so the above is often simplified to: 

 

 

(3) 

 

Inserting equation (3) in equation (1), the dispersion curve of the propagating SPP can be 

plotted, as shown in Figure 1 (b). At low frequencies, the SPP behaves like a free space 

photon, but as frequency increases, the dispersion curve moves increasingly to the right of the 

light line, and k reaches an asymptotic limit at the "surface plasma frequency",  [4] 

.Since the dispersion curve bends to the right of the light line, the SPP has a larger momentum 

than the incident light, which means it cannot be excited by directly incident light. Usually, 

a prism or a grating coupler is used to add extra k (momentum) to the incident light. Using 

https://en.wikipedia.org/wiki/Maxwell%27s_equations
https://en.wikipedia.org/wiki/Wave_vector
https://en.wikipedia.org/wiki/Speed_of_light
https://en.wikipedia.org/wiki/Speed_of_light
https://en.wikipedia.org/wiki/Speed_of_light
https://en.wikipedia.org/wiki/Dispersion_(optics)
https://en.wikipedia.org/wiki/Asymptotic_limit
https://en.wikipedia.org/wiki/Prism_(optics)
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these mechanisms, the momentum mismatch is compensated, and light can couple into the 

propagating SPPs, which travel along the dielectric-metal interface [1]. 

 

Figure 1 (a) Surface plasmon polaritons propagation at the metal-dielectric interface [2] (b) 

Dispersion curve of propagating SP and incident light [5]  

 

Unlike propagating SPP, LSPPs are resonant modes localized to the vicinity of metal 

nanoparticles (NPs) of dimensions much smaller than the excitation wavelength [6]. LSPPs 

have two key characteristics: First, they generally have strong field enhancement near the 

particle surface, being greatest at the surface, and rapidly decaying away. Secondly, the optical 

response of a noble metal NP exhibits a resonance within the visible spectral range. The 

resonant characteristics of LSPPs depend on the refractive index of the surrounding dielectric 

medium, which is the basis for sensing applications. This dependency can be determined using 

Mie theory [7], which expresses the dipole polarizability, , of a spherical metallic NP as: 

 

 

(4) 

where V is the NP volume,  is the permittivity of free space,  is the relative permittivity of 

the surrounding dielectric, and  is the real part of the relative permittivity of the metal. The 

resonant wavelength of the LSPP is determined occur when the denominator of equation (4) is 

zero, that is, when: 

 
 

(5) 

This is the condition for which the dipole polarizability of the NP and its optical response 

(scattering) will be maximized. For instance, for gold NPs in water, the LSPP resonance occurs 
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at 520 nm [8]. To find the LSPP wavelength as a function of the dielectric constant of the 

surrounding medium, one can combine equation (5) with equation (3) resulting in: 

 

 

(6) 

which can be rewritten as:  

 

 

(7) 

where λmax is the LSPR wavelength, and λp is the wavelength corresponding to the bulk plasma 

frequency. Based on equation (7), the LSPP wavelength is linearly related to the refractive 

index of the surrounding medium, as illustrated in Figure 2 for gold NPs. This is the basis for 

sensing applications using plasmonic NPs. The resonant wavelength and the linewidth of LSPP 

can be tuned by changing geometrical parameters of the NPs such as the size and shape. The 

recent improvement in the imaging and fabrication of nano-sized structures led to fabricating 

and engineering plasmonic nanostructures, which support LSPPs with strong field 

enhancement, sharp resonances and high sensitivity to the surrounding environment, suitable 

for sensing applications.   

 

Figure 2 The LSPR wavelength vs refractive index of the surrounding medium of the gold NPs, based 

on the Drude model. 

 

Nanofabrication methods can be categorized into two main approaches: Top-down and 

Bottom-up. In the former, a piece of the base material is gradually selectively eroded and 

miniaturized to the nanoscale until the desired structure is produced. Focused ion beam (FIB) 

milling is a conventional method used in this category. FIB milling is a resist-free, maskless 

nanofabrication technique which uses high energy focused ion beams to directly mill nanoscale 
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patterns on the desired substrate [9]. This technique is widely used for milling well-defined 

nanoholes in metallic films, with high resolution. He+ ion beams have recently been used to 

create holes with diameter as small as  5 nm  in a 100 nm thick gold film [10]. 

 

In the bottom-up approaches, atoms or molecules are self-assembled to form the desired 

nanostructure. Unlike top-down approaches, which typically require expensive tools and are 

time-consuming, bottom-up methods are more suitable for low-cost mass-manufacturing. They 

can be used for fabricating large-area arrays of well-ordered and high-quality nanoparticles on 

a substrate. The fabrication approach is selected based on the materials involved in the 

structure, fabrication costs, and target applications. For instance, for bio-sensing applications, it 

is critical to engineer structures which support excitations with high field enhancement ("hot 

spots") to increase the interaction of electromagnetic fields with the sensing material. Some 

plasmonic nanostructures, which support Fano resonances in their response can provide high 

field enhancement in the structure, suitable for sensing applications. 

 

Fano resonances in plasmonic systems have an asymmetric line shape with unique 

characteristics such as a narrow linewidth, nanometer-scale field confinement, high field 

enhancement, and also high sensitivity to changes in the local dielectric medium. The physical 

origin of Fano resonances can be understood using a simple system of coupled damped 

oscillators in which one oscillator is driven by an external force [11]. In this classical model, 

the coupling between oscillators results in the formation of an asymmetric Fano-shape 

resonance in the motion of one oscillator. This simple model of coupled oscillators could be 

extended to any system exhibiting a Fano feature. For instance, the origin of the Fano feature 

in some nanoplasmonic structures is explained based on the coupling and interaction of 

subradiant and superradiant modes of the structure. Superradiant modes, which are spectrally 

broad, can directly and easily couple to incident light. They are broadband because of radiative 

damping [12]. Conversely, subradiant modes, which are spectrally narrower [12, 13], cannot be 

directly excited by incident light. However, they are excited via the coupling interaction with 

superradiant modes. This interaction leads to far-field interference between scattering by the 

modes, which results in a Fano feature due to constructive and destructive interference. This 

phenomenon, which is manifested by a maximum adjacent to a minimum in an optical spectral 
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response, is the key factor in the formation of the asymmetric line shape of a Fano resonance. 

Due to the typically narrow line shape and high field enhancement of Fano resonances, a new 

family of plasmonic structures has been designed [14, 15].   

 

One of these families consists of a cluster of nanostructures. When NPs are close-packed in a 

cluster, their plasmons can couple through near-field interaction, forming a new set of 

hybridized LSPPs. Heptamer arrangements of nanoholes (HNH) in a metal film, organized in a 

periodic array are a very promising structure in this regard. Such an array of nanohole clusters 

produces a complex spectral response due to supporting various excitations, including LSPPs 

in the vicinity of holes, propagating SPPs along the metal surfaces, and Wood’s anomaly (WA) 

waves. The Fano features in this structure arise due to the interference between light directly 

transmitted through the holes, and light indirectly scattered through the various plasmon 

excitations. HNH arrays can be considered for use as a biosensor allowing for a high degree of 

multiplexing, parallel optical detection, and the ability to integrate microfluidics [31–34]. 

 

NPs on a reflecting dielectric is another promising geometry supporting Fano resonances. In 

this kind of system, the Fano resonance arises due to interaction between the dipolar LSPPs of 

the NPs and the "white” continuum caused by the dielectric reflection. The main advantage of 

this structure is that no near-field coupling between NPs is required for the generation of Fano 

resonances. Then, the NPs can be placed far enough from each other to facilitate and simplify 

fabrication. The array of nanodisks (NDs) on a Bragg reflector is interesting in this regard 

because the linewidth and the Fano resonance wavelength can be tuned by altering the 

thickness and refractive index (RI) of the alternating layers in the Bragg stack, in addition to 

other tuning parameters such as the thickness and diameter of the NDs. 
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Thesis scope and outline 

This thesis aims to provide a deeper understanding of plasmonic nanostructures supporting 

SPPs and LSPPs, and their coupling to form Fano resonances. Theoretical and experimental 

studies are conducted to design, optically characterize and evaluate several proposed metallic 

nano-arrays with a view toward sensing applications. The finite element method (FEM) is 

widely used throughout this thesis for the design and simulation work. The thesis consists of a 

collection of scientific articles; each presented as a chapter. The remainder of this document is 

organized as follows: 

In chapter 3, a novel approach has been developed in which we create ordered gold 

nanoparticle (NP) arrays of controllable size over large areas on solid SiO2 substrates. In this 

method, self-assembly of block copolymer micelles loaded with metal precursors is combined 

with a growth technique to create ordered gold nanoparticles of suitable size. A journal article 

co-authored with Jie Yuan on the fabrication of gold nanoparticles using this self-assembly 

approach was published. We show that this fabrication method offers a new approach to tune 

the AuNP size and edge-to-edge inter-particle spacing while preserving AuNP ordering. The 

properties of AuNP arrays on glass, including their size, interparticle spacing, LSPP 

wavelength, and bulk sensitivity, were fully characterized. Theoretical study and numerical 

simulations were carried out to determine the size and pattern of NP arrays and predict the 

LSPR peak. E-beam lithography or focused ion beam milling is commonly used to fabricate 

metallic nanostructures, but these are costly and time-consuming nanofabrication methods. The 

proposed fabrication technique is suitable for low-cost mass-manufacturing of large-area arrays 

of well-ordered and high-quality AuNPs on a substrate for biosensor or other applications. 

 

In chapter 4, we examine the generation of Fano interferences in a system consisting of a 

periodic array of uncoupled gold nano-disks (AuNDs) supported by a Bragg stack. It is shown 

that the Fano resonance could arise due to coherent interference between the reflection 

spectrum of the Bragg stack and the scattering from LSPPs on the AuNDs. The Fano 

parameters of the resonance were deduced by fitting the computational data to the Fano 

formula. The sensitivity of the structure was investigated by calculating bulk sensitivities and 

the figure of merit of Fano resonances. A critical advantage of the proposed architecture is that 
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the linewidth of its Fano resonances is 9 nm which is much narrower than the individual 

nano-disk LSPR bandwidth 80 nm and the Bragg stack bandwidth 100 nm. This makes the 

structure potentially attractive for sensing applications. In most plasmonic structures, the Fano 

resonance is due to strong near-field coupling between elements of the structure when the 

interparticle gap is minimal, which poses fabrication and application challenges. However, ini 

this proposed structure no near-field coupling between particles is needed to generate the Fano 

resonances. So, the AuNDs can be spread far enough from each other to facilitate fabrication.  

 

In Chapters 5, 6, and 7, we investigate the optical response of periodic arrays of heptamer-

arranged nanoholes (HNH) in a Su film on a SiO2 substrate. We explain in detail how Helium 

(He) focused ion beam (HeFIB) milling is used to fabricate these plasmonic HNH arrays. The 

optical and plasmonic responses of this structure are investigated numerically and 

experimentally. We describe the mechanism behind the formation of Fano resonances in such 

structures, and we examine its application to biosensors. A journal article co-authored with 

Choloong Hahn on the fabrication of plasmonic HNH arrays using a HeFIB direct milling 

process is presented in chapter 5, explaining in detail how HeFIB direct milling has been 

applied to create well-ordered and well-defined arrays of nanoholes in a heptamer 

arrangement. This complementary plasmonic structure - nanohole clusters - is attractive due to 

its potential to support both propagating SPPs and LSPPs, and also Wood’s anomaly waves, 

which makes its optical response very rich in resonances. Also, the array of sub-wavelength 

metallic nanoholes can support extraordinary optical transmission (EOT), which provides 

enhanced transmission through (normally) opaque metallic films. It makes it convenient to 

observe transmittance spectra for data acquisition.  

 

A Conclusion and future work are provided finally in Chapter 6. 
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2. Literature review 

Surface plasmon 

Valence electrons in metal solids form a high-density electron gas which moves freely (with 

scattering) about the positively charged ionic lattice [16]. This free electron gas can oscillate 

collectively, resulting in plasma oscillations or plasmons [17]. Surface plasmons (SPs) are 

plasma oscillations at the interface between a metal and dielectric.  

 

Surface plasmon resonance (SPR) is the resonant oscillation of free electrons at the metal-

dielectric interface stimulated by incident light. The surface plasmon polariton (SPP) is a non-

radiative transverse-magnetic (TM) electromagnetic surface wave that propagates parallel to 

the metal-dielectric interface. Unlike the radiative mode, kspp for the  non-radiative SPP mode 

is higher than the momentum of the incident light, so it cannot decay into photons in general 

[18].  

For SPPs to exist, the metal should have a negative real part of the permittivity, and its 

magnitude must be greater than the permittivity of the dielectric. This condition is met in the 

infrared-visible wavelength region for some metals such as Au, Ag, Cu, and Al [19]. Gold is 

one of the most popular plasmonic metals due to its superior chemical stability under ambient 

conditions, and an abundant amount of free electrons, and then supporting SPPs in near-

infrared (NIR) spectral range [20].  

 

The volume plasmon frequency ωp is given by: 

 
ωp= (  1/2 

(8) 

where e and m* are the charge and the effective mass of carriers, respectively, N is the density 

of carriers (electrons or holes), and  is the permittivity of the metal at high frequency ( >> 

p).  For noble metals such as gold or silver, the carriers are electrons and N ranges from 1022 

to 1023 cm−3 which results in supporting plasmon resonance wavelength in the NIR and visible 

spectral regions. For doped semiconductors, the typical value of N is 1016–1021 cm−3 which 

locates the plasmon wavelength in the THz and NIR region. The plasmon wavelength of 

https://en.wikipedia.org/wiki/Surface_plasmon_polariton
https://en.wikipedia.org/wiki/Surface_wave#Electromagnetic_waves
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semiconductors can be tuned over a wide range by changing the doping density (density of 

impurities introduced into an intrinsic semiconductor for the purpose of modifying its 

electrical, optical or structural properties).  

 

SPPs hold promise in many new technology areas such as nanophotonics, biosensing, and 

integrated optical circuits. Also, SPPs offer useful and interesting characteristics, such as 

subwavelength confinement, field enhancement, high surface and bulk sensitivities, and field 

localizations [21]. SPPs are often categorized into two main groups: propagating or delocalized 

surface plasmon polaritons (propagating SPPs), and localized surface plasmon polaritons 

(LSPPs) [22]. When excited by light, the induced surface plasmons can propagate along the 

surface of the bulk metal-dielectric interface as propagating SPPs. The oscillating charges can 

also be confined and enhanced on the surface of a nanoparticle, in which case it is termed 

LSPPs. 

A. Propagating surface plasmon 

Propagating SPPs are waves along a metal-dielectric interface. This surface wave is a 

transverse magnetic (TM)-polarized wave considered as a coupled excitation of a charge 

density wave in the metal and electromagnetic fields that peak at metal-dielectric interfaces 

and decay exponentially away, as illustrated in Figure 3(a). This wave propagates along the 

interface until its energy is lost, either absorbed in the materials or scattered away.  

 

SPPs have larger momenta than the incident light. Thus, the light cone of incident light can't 

intersect with the dispersion curve of SPP (i.e., the two don't possess the same kx component 

for the same frequency), as illustrated in Figure 3(b). This momentum mismatch results in 

forbidden excitation of SPPs by free incident waves. Also, for the same reason, a propagating 

SPP along a smooth metal-dielectric interface cannot emit energy as a free-space photon into a 

uniform dielectric. 

https://en.wikipedia.org/wiki/Intrinsic_semiconductor
https://www.sciencedirect.com/topics/physics-and-astronomy/nanophotonics
https://www.sciencedirect.com/topics/physics-and-astronomy/electromagnetic-fields
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Figure 3 (a) Schematic representation of an electron density wave propagating along a metal-

dielectric interface, and (b) Dispersion curve of Surface plasmon polaritons and incident light [4].  

 

To overcome this problem, the mismatch in momentum should be compensated through a 

mechanism which can add an extra kx component to the incident light. This process can be 

done using a coupling medium such as a prism or a grating.  A grating coupler can provide an 

extra parallel momentum (G = 2nπ/p) related to its grating period, as shown in Figure 4(a), 

where n is an integer and p is the periodicity. This extra momentum is added to the light cone 

to shift and intersect with the dispersion curve of the SPP, as illustrated in Figure 4(b). So, 

simply creating some defects such as a groove, a slit or a corrugation on the planar surface can 

play the role of a grating coupler by which free-space photons and SPPs can couple and 

exchange energy. 

 

Figure 4(a) SPP Excitation by Grating Coupler and (b) The extra wave momentum is provided by the 

grating [4].  

 

Another way of matching the momentum of the incoming beam to that of the plasmon is prism 

coupling, which is commonly used in two well-known configurations, Kretschmann or Otto 

configuration, schematically shown in Figure 5. In both configurations, a thin metallic film is 

illuminated in total internal reflection through a prism. So, the parallel component of the 

https://en.wikipedia.org/wiki/Prism_(optics)
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incident light momentum, shown as kx in Figure 5(b), is increased and then compensates the 

free-space/SPPs momentum mismatch. So, the propagating SPs are exited on the metal-air 

interface through the evanescent-wave coupling. In the Otto configuration, the metal film and 

the prism surface are positioned close enough to each other so that the evanescent wave can 

reach and interact with the surface and hence excite the SPPs [23]. In the Kretschmann 

configuration, the metal film is deposited onto the prism base. So, the evanescent wave 

directly tunnels through the metal film to interact with the opposite surface and excite SPPs at 

the metal/air interface [24]. This configuration is used in most practical applications [23].  

 

Figure 5 (a) Otto configuration, (b) Kretschmann configuration of an Attenuated Total Reflection 

setup for coupling surface plasmons. (c) The extra wave momentum is provided by the prism to 

compensate momentum mismatch between SPP and incident photons [4]. 

 

In both configurations, the excitation of propagating SPPs is revealed as the appearance of a 

dip in the reflectance spectrum, for a fixed angle of incidence. The spectral width of this dip is 

typically ∼50 nm full width at half-maximum (FWHM) for Au films [25], and it is 

accompanied by an apparent phase change near the minimum of the resonance for the reflected 

light. Due to the high sensitivity of SPR to change in the refractive index (RI) of the bounding 

dielectric medium, SPR has a critical role in the development of biosensing methods [26]. 

B. Localized surface plasmon 

Localized surface plasmon polaritons (LSPPs) are collective free electron charge oscillations in 

metallic nanoparticles, which are excited by the incident light. For a small metallic nanosphere 

surrounded by air, the incident electromagnetic field induces a dipole moment p, whose 

magnitude is proportional to the amplitude of the applied electric field (|E0|). So the 

https://en.wikipedia.org/wiki/Evanescent_wave
https://en.wikipedia.org/wiki/Localized_surface_plasmon
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polarizability of the particle, α, defined as p = αE0 can be derived in the quasistatic approach, 

in which the size of the particles is less than the wavelength of the incident light [27]: 

 

 

(9) 

Here a is the radius of the sphere and ε(ω) is the dielectric constant of the particle, which is 

frequency-dependent. When the denominator of equation (9) approaches zero, a dramatic 

increase in the polarizability, , occurs, which is the condition for the excitation of an LSPP. 

Hence, the spectral position of the LSPP can be anticipated from the condition Re[ε(ω)] = −2. 

This condition is met in the infrared-visible wavelength region for some metals such as Au, 

Ag, Cu, and Al [19]. 

 

There is a remarkable near-field enhancement at the LSPP wavelength, which is highly 

localized at the nanoparticle surface and decays rapidly away from the nanoparticle/dielectric 

interface into the dielectric medium. Far-field scattering by the particle is also enhanced at the 

resonant wavelength. One of the advantages of LSPPs with respect to propagating SPPs is that 

the momentum matching condition does not apply. Also, strong enhancement of LSPP, in a 

subwavelength localized region, has made it suitable for various applications, such as 

refractive index (RI) measurement [28], fluorescence enhancement [29, 30], surface-enhanced 

Raman scattering (SERS) [31, 32], biomolecular interaction detection [33], and so on. The 

LSPP wavelength is controlled by the free electron density (N), and by the nanostructure 

shape, dimensions, and bounding medium. Nanostructures implemented in the plasmonic 

metals gold, silver and copper have corresponding LSPPs in the visible and near-infrared 

regions [34]. LSPRs excitation is not fundamentally limited to metals, as it can occur in 

semiconductors or conductive metal oxides [35] with appropriate free carrier densities. Free 

carrier concentrations of semiconductors for nanoplasmonics can be tuned by doping, 

temperature, and/or phase transitions, which allow LSPP tailoring [36].  However, the LSPP 

response of a metal nanostructure can only be engineered by the choice of nanostructure and its 

parameters, such as shape, size, dimensions or metal type. Promising structures [37] include 

the ring, disk and hole, in which the resonance can be tuned into the near-infrared spectral 

region by altering the width of the disk or ring, for instance.  
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Plasmonic nanostructures could be engineered to support new kind of resonance, called Fano 

resonances, for instance by symmetry breaking. Fano resonances usually have asymmetric line 

shapes with a narrow linewidth, and exhibit intense field enhancement and subwavelength 

localized fields. So, types of nanostructures which support Fano resonances are very promising 

to be used as plasmonic sensors.  
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Principle of Plasmonic Sensors 

Nano-plasmonic based structures are considered promising for the development of biological 

and chemical sensors for label-free detection, multi-analyte sensing and point-of-care 

applications [38-40]. These kinds of biosensors work based on the sensitivity of SPPs or 

LSPPs to near-surface refractive index (RI) changes [39, 41, 42]. Due to the subwavelength 

field confinement and intense field enhancement associated with these excitations at the 

metal/dielectric interface, plasmonic resonances depend strongly on the environment of the 

system.  

 

Plasmonic sensors work based on two primary configurations: the Kretschmann (prism-

coupling) configuration or the grating coupling configuration [43-45]. In general, the grating 

coupling configuration may be more suitable than the Kretschmann one, because the latter 

requires bulky instrumentation, which prevents developing miniaturized sensor devices for lab-

on-a-chip and point-of-care applications [39]. Recently, advanced nanofabrication techniques 

have made it possible to fabricate plasmonic nanostructures containing subwavelength 

gratings, which is suitable for plasmonic sensor applications [46-48]. The main advantage of 

grating-based nano-plasmonic sensors is miniaturization, enabling lab-on-a-chip commercial 

applications such as biosensing, hazard and chemical detection.  

For both configurations, four primary optical interrogation methods can be used: (1) Spectral 

interrogation, in which a polychromatic light source is used for plasmon excitation and the 

shift in the resonant wavelength of the reflectance/transmittance spectrum indicates the change 

in refractive index near the metal/dielectric interface. (2) Angular interrogation, in which a 

single wavelength (monochromatic) laser source is used and the angular shift of the 

reflected/transmitted signal is measured as the indication of refractive index change. (3) 

Intensity interrogation, where the change in the transmitted/reflected light intensity is 

measured, while both the wavelength and the angle at which the signal is collected are 

maintained constant. (4) Phase interrogation, where a phase shift in the collected light is 

considered as the indication of refractive index change, and the wavelength and the angle in 

which the signal is collected are constant [45].  
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To characterize the performance of a structure for sensing applications, parameters such as the 

bulk sensitivity, surface sensitivity and figure of merit (FOM) could be used. The bulk 

sensitivity is defined as a resonant wavelength (λres) shift vs. the refractive index change 

( /d ) of the bounding medium. To find the bulk sensitivity, the refractive index of the 

bounding medium is changed from a nominal value to other values, step by step. Then the shift 

of the resonance wavelength vs. this change is calculated. The surface sensitivity determines 

how the resonances shift with the change in the thickness of an adlayer which grows at the 

interface between the metal and the bounding medium. In biosensing experiments, the metal 

surface is in contact with a sensing solution (bounding medium) and is functionalized 

chemically to react with a target analyte selectively. As analyte attach, an adlayer of refractive 

index higher than that of the sensing solution forms, which causes a shift in the resonance 

wavelengths. The surface sensitivity is defined as the shift in λres relative to the change in the 

adlayer thickness growing at the metallic/solution interface.  

 

However, the overall sensing performance of a system depends on the spectral width of the 

resonance as well. A narrower resonance allows for more accurate measurement of small shifts 

in the resonance wavelength caused by refractive index changes in the bounding medium. The 

FOM is defined as the ratio of the resonance wavelength shift per unit refractive index change 

(bulk sensitivity), divided by the spectral width of the resonance, and is used as an overall 

measure of quality of a sensor. 

 

In this thesis, we focus on studying periodic arrays of nanoparticles and nanoholes. The 

periodicity in an array inherently creates “grating coupling”. Spectral interrogation is generally 

employed by calculating and/or measuring the transmitted/reflected spectrum of an array. In 

chapter 3, nanoparticle (NP) arrays are fabricated by self-assembly to form periodic 

arrangements. The sensing performance of this structure is reported as the LSPP shift with 

respect to the change in the refractive index of the medium that covers the nanoparticles. 

Chapter 4 focuses on studying periodic arrays of uncoupled nano disks on a Bragg stack 

supporting Fano resonances. The performance of the structure as a plasmonic sensor is 

represented by its bulk sensitivity and figure of merit (FOM). In chapters 5 and 6, heptamer 

nanohole arrays also operate as a grating coupler to excite a variety of plasmonic excitations in 
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the system. The Fano resonances supported by this structure have been studied and their 

optical properties and sensing performances have been examined. 

   

A large number of theoretical and experimental studies have been reported as researchers 

proposed, engineered and tested plasmonic nanostructures supporting SPPs, LSPPs and Fano 

resonances for various applications, especially sensing. The following section reviews some of 

these studies 
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Plasmonic Nanostructures 

The term nano has etymological origins in Greek and means dwarf. The physical dimension of 

a billionth of a meter (10-9 m or nanometer) is colloquially called the nanometric scale or 

simply the nanoscale. Figure 6 compares the size of objects and natural organisms at different 

scales.  

 

Figure 6 Nanomaterials with dimension in the range from1to100 nm [49] 

 

The properties of a material on the nanometer scale differ from those at the macroscopic scale. 

There are several reasons for this difference. For instance, the nanomaterials have a relatively 

larger surface area when they are compared to the same mass of material produced in a larger 

form. Reducing dimensions often makes a material more chemically (bio) reactive and affects 

its electrical, optical, magnetic, thermal, structural, and mechanical properties. 

 

The Lycurgus cup is one of the most significant examples of using plasmonic nanoparticles in 

the ancient world. When lit from the outside, the cup appears greenish (Figure 7(a)), but when 

lit from the inside, the cup appears reddish and purple (Figure 7(b)). This dichroic effect is 

achieved by the presence of nanoparticles, silver 66.2%, 31.2% gold, and 2.6% copper, up to 

100 nm in size, dispersed in colloidal form throughout the glass material [50]. The red color 

observed is due to the absorption of light (at λ = 520 nm) by the gold particles, and the purple 

color is due to absorption by the larger particles. In contrast, the green color is associated with 

the light scattering by colloidal dispersions of silver particles of size > 40 nm. Figure 7(c) and 

https://en.wikipedia.org/wiki/Colloid
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7(d) show an example of using gold and silver nanoparticles of different sizes by medieval 

artisans to produce different colors in stained glass windows [50].   

 

Figure 7 The Lycurgus cup looks (a) green when illuminated from the outside and (b) purple-red 

when illuminated from the inside. (c) Silver nanoparticles of different sizes have been used to produce 

different colors in stained widows. (d) The color obtained in stained windows varies Gold 

nanoparticles with nanoparticle size and shape (sphere, prism) [50].  

 

The recent improvement in the imaging and fabrication of nano-sized structures led to the 

novel and fast-emerging field of nanoplasmonics. Their optical properties are explained based 

on coherent oscillations of conductive electrons, known as plasmons [51]. Nanostructured 

materials have unique characteristics different from the constitutive material. They show many 

unique properties in their morphological, electrical, thermal, electromagnetic, and optical 

properties. For instance, as the size of metal structures reaches the nanoscale, not only can they 

support SPPs at different wavelengths, but also their resonant wavelengths depend strongly on 

the size and shape of the structure. The properties of SPPs and LSPPs on nanoscale structures 

depend strongly on the morphology of the structure. So, sub-wavelength metal structures have 

attracted significant research interest due to their fascinating optical properties originating due 

to the excitation of SPPs and LSPPs [52]. 
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In the case of the noble metals, especially gold and silver, the plasmon modes occur in the 

visible to the infrared wavelength range, making them suitable for applications, such as 

biosensing, near-field microscopy [53], and surface-enhanced Raman scattering [54]. The 

plasmonic properties of structures such as nanoparticles depend strongly on the objects' 

geometrical parameters, such as its size and shape. These dependencies have been studied in 

numerous experiments on plasmonic structures such as nanoparticles, disks, shells, rods, rings, 

other shapes [55-57], and even the complementary structures, which consist of nanoholes 

milled into a planar metal film [58, 59]. Plasmonic nanostructures behave differently when 

they are positioned in different arrangements. When they are alone or randomly located with 

respect to each other, their plasmonic properties, such as their plasmonic modes, are different 

than when they are sitting in a periodic array or form clusters. Here we categorized 

nanoplasmonic structures into three main categories, single nanostructures, nanostructure 

aggregates, and arrays of nanostructures, where the nanostructures could be nanoparticles or 

nanoholes. 

 

Numerous theoretical and experimental works have been reported on these categories of 

plasmonic nanostructures which support SPPs, LSPPs and Fano resonances. Here, we review 

some of them as investigated by different research groups. We also review nanofabrication 

techniques common to their fabrication. 

 

A. Single Nanoparticles/Nanoholes 

LSPPs on metallic nanoparticles and nanostructures can be tuned by their geometric 

parameters, which has been extensively explored to shape and manipulate plasmonic 

properties. Figure 8 and Figure 9 give the calculation of extinction, absorption, and scattering 

spectra of Ag nanoparticles with various geometric shapes such as cube, tetrahedron, 

octahedron and diversified topologies such as solid, hollow, and core-shell [60]. These results 

show the strong relationship between plasmonic properties and the structural parameters of a 

metallic nanoparticle. 
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Figure 8 Calculated extinction (black), absorption (red), and scattering (blue) spectra of silver 

nanoparticles with different shapes. (A) An isotropic sphere has a single resonance peak. (B) 

Anisotropic cubes, (C) tetrahedra, and (D) octahedra have multiple, red-shifted resonance peaks. (E) 

The resonance wavelength of a hollow sphere red-shifts respect to a solid sphere, (F)  and it even 

more red-shift for thinner shell walls [60]. 
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Figure 9 extinction (black), absorption (red), and scattering (blue) spectra of silver (A) triangular plate 

and (B) circular disc and (C, D) nanorings of two different thicknesses [60]. 

 

For nanoparticles with a size much smaller than the excitation wavelength, retardation effects 

are negligible, so the particle just shows a dipolar resonance. But, as the size of the particle 

increases, retardation effects should be considered, resulting in higher-order modes such as the 

quadrupole mode, hexapolar mode, and so on. Figure 10 shows the extinction spectra 

computed using Mie theory [7] for a spherical gold nanoparticle in water, with an increasing 

radius up to R = 100 nm. The particle with small R, only supports a dipolar mode, seen as a 

resonance around λ = 520 nm, which redshifts with increasing radius. However, for R > 50 nm, 

the quadrupole mode at shorter wavelengths show up as a shoulder on the main dipolar 

resonance. 
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Figure 10 Extinction spectra of gold nan spheres of increasing radius R in water, computed with the 

Mie theory [7]. 

 

B. Nanoparticle/ Nanoholes Aggregates 

A key feature of LSPPs is their ability to squeeze or “focus” electromagnetic energy into a 

nanometer-scale volume. This locally enhanced energy leads to the formations of "hot spots", 

usually generated at sharp tips of metal particles [8] or inside the gaps between NHs or NPs [9] 

or between a metal NP and a metal film.  Significant enhancement of local field intensity is 

found around the sharp corners, edges, and conical tips of metallic nanoparticles, which is 

desired for applications in fluorescence and Raman scattering. Even more significant field 

enhancements can be achieved inside gaps between nanoparticles [61] or between a metal 

nanoparticle and a thin metal film [62]. So, various arrangements of metallic nanoparticles, 

such as dimers and aggregates, have been designed and fabricated to promote plasmonic 

enhancements to a very high level [63]. For instance, Hao et al. [64] investigated the 

electromagnetic fields induced by the excitation of LSPPs in silver nanostructures, including 

monomers and dimers composed of triangular prisms or rectangular rods. They tried to figure 

out what size, shape, and arrangement of particles result in the most extensive local electric 

field enhancement. Most of their calculations were on triangular prisms, which exhibit distinct 

dipole and quadrupole resonances. The electric field enhancement of a silver triangular prism 

and a rectangular rod shape is given in Figure 11(a). For individual particles they determined 

that the field enhancement values for triangular prisms, oblate spheroids, or cylindrical rods, 
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was always being less than 104. However, arranging particles in a dimer yields field 

enhancements of up to 105 for structures where the particles are separated by 2 nm. It was 

shown that the enhancement is a strong function of separation distance. 

 

Figure 11 (a) E-field enhancement of silver nanoparticle monomers with a triangular prism and a 

rectangular rod shape. The arrows show the maximum of the E-field [64]. E-field enhancement of a 

(b) dimer of Ag nanoparticles separated by 2 nm, at its resonance wavelengths (430nm and 520nm), 

(c) a ‘‘tip-to-tip’’ prism dimer at its resonance wavelengths (550nm and 932nm), (d) ‘‘tip-to-side’’ 

prism dimer at its resonance wavelengths (653nm and 852nm)  .In the 3D plots, the axis perpendicular 

to the selected plane represents the amount of E-field enhancement around the dimer. 

 

In another study, Barrow et al. [65] have measured the light scattering properties of gold 

nanoparticles self-assembled into chains of differing length from monomer to hexamer, in 

which the inter-particle gaps were 1 nm, as shown in Figure 12(a). When the chains were 

illuminated by light with a polarization parallel to the chain axis, a redshift of the surface 

plasmon resonance was observed for increasing chain length, as shown in Figure 12(b). They 
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showed that higher-order modes and retardation effects need to be considered in order to find a 

good agreement between experimental and theoretical results. This study indicates that the 

LSPPs of the structure are very sensitive to the number of particles in the chain, and very large 

shifts are observed by adding one particle to the chain. 

 

Figure 12 (a) SEM images of self-assembled gold nanoparticle chains consisting of 1 to 6 particles. 

Mean diameter of gold particles is 64 nm, and the inter-particle gap is 1 nm. Scale bar is 250 nm. (b) 

Normalized scattering intensity of the nanoparticle chains consisting of 1 to 6 particles. Spectra are 

numerically labeled according to the chain length. 

 

C.  Arrays of Nanoparticles/Nanoholes  

The plasmonic properties of nanostructures can be tailored by creating aggregates. By 

changing their dielectric environment, dimensions, and morphology, the local EM field 

enhancement could be increased to 104 – 106 for metal nanospheres [66]. Another common 

method to tailor the plasmonic characteristics of nanostructures is putting them in a periodic 

array to form a nano-array pattern. In addition to SPPs, LSPPs and Fano resonances which can 

be supported by individual nanostructures or nanoparticle clusters, array architectures can be 

tailored to produce surface lattice resonances (SLRs). The optical response of an array depends 

not only on size and shape but also on the periodicity, resulting in additional flexibility and 

tunability of plasmonic and optical properties [67]. 
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Nanofabrication methods 

Nanofabrication methods can be categorized into two main groups: Top-down and Bottom-up. 

Top-down nanofabrication is most common, where the base material is gradually eroded and 

miniaturized to the nanoscale until the desired structure is achieved. One of the most used top-

down fabrication techniques is lithography, in which a mask usually protects the material, and 

the undesired material is etched away. In bottom-up fabrication techniques, nano-metric 

structures such as atoms or molecules are placed one at a time through a process of self-

assembly or assembly to build the desired nanostructure higher than the initial ones. The 

physical and chemical forces at the nanoscale are driving mechanisms for this 

atomic/molecular arrangement. Some of the fabrication methods in this category include sol-

gel, atomic layer deposition, and self-assembly techniques.  

 

The fabrication of plasmonic nanostructures usually requires several steps, such as 

deposition/coating, etching, micromachining, and nanofabrication steps. The method to 

fabricate a specific nanostructure is selected based on the materials involved in the structure, 

fabrication costs, and its target application. Also, the selection of the fabrication techniques 

depends on other parameters, such as the process steps of etching and deposition.  

 

A. Top-down nanofabrication techniques 

Following the goal of this thesis, we focus on fabrication techniques of periodic nanostructure 

arrays, which can be classified into two main groups, patterning techniques in resist and resist-

free patterning techniques [68]. While the former uses a resist which, e.g., is patterned before 

depositing the metal film (lift-off), the latter consists of directly patterning a metal film, e.g., 

by milling.  

a. Patterning techniques in resist 

In this category, three primary methods are usually used to fabricate an array of nanostructures, 

which are illustrated in Figure 13. In the first method, shown in Figure 13(a), the resist which 

is deposited on top of a metal layer is patterned, and then this nano-patterned resist is used as a 

mask to etch the metal layer and achieve desired nano features [69-71]. In a second method, 



26 

 

illustrated in Figure 13(b), a nano-patterned resist is followed by metal deposition, and the 

nano features are achieved through a lift-off process [72]. The third method is a combination of 

two previous methods. One example is fabricating NHs in a freestanding membrane performed 

by Kumar et al. [73]. This suspended membrane can be used as an optofluidic substrate, which 

lets the fluidic access from both sides of the membrane. Using the third method, a suspended 

plasmonic membrane, on silicon nitride is fabricated in two steps. The first step includes wet 

chemical etching of Si and photolithography, and the second step is nano-patterning, followed 

by metal deposition, as illustrated in Figure 13(c). 

 

Figure 13 Schematics of three main methods used for nanofabrication (a) A metal layer is deposited 

before the nanopatterning step, which is followed by either a wet or dry etching. (b) Nanopatterning 

step is followed by metal deposition, which is followed by the formation of metallic nanofeatures 

through lift-off process. (c) Fabrication of NHs array in a suspended membrane, mostly in Si3N4, is 

done through a combination of photolithography and wet chemical etching of Si, followed by 

nanopatterning and metal deposition steps [73]. 

 

Metal etching process is categorized into two types, wet and dry etching. In the wet etching 

process, a wet chemical etchant dissolves a metal film through the patterned resist in a highly 

selective manner. Specific etchants can be used for each metal. Wet etching is commonly used 

in microfabrication process. Still, it is limited in nanofabrication due to isotropic nature of this 

etching method which etches a large undercut the resist layer and form cavities with sloping 

sidewalls in the metal film, as shown in Figure 14 (a). It can also define grains and create 

roughness. Another problem is that control of etch time is not easy to achieve.  

 

https://www.sciencedirect.com/topics/engineering/fabrication
https://www.sciencedirect.com/topics/engineering/optical-lithography
https://en.wikipedia.org/wiki/Undercut_(manufacturing)
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1. Alternatively, dry etching is an anisotropic process with high selectivity that leaves the 

underlying material untouched. Dry etching or Reactive-ion etching (RIE) requires a 

plasma-assisted system, which exposes the material to a bombardment of ions to etch 

the desired layer. RIE processes are mostly used for nanofabrication in semiconducting 

materials. However, there is no well-defined RIE process for plasmonic metals, such as 

Au and Ag, due to the large amount of redisposition during etching [74]. 

 

Figure 14 Example of (a) isotropic and (b) ideal anisotropic etching: illustrating the evolution of 

sidewall [75]. 

 

Lift-off processes use a solvent to remove the resist layer after metal deposition, as illustrated 

in Figure 15(F). During this process, lifted-off metals can be redeposited on the sample 

surfaces in the bath, which can contaminate the remaining materials on the substrate [76]. 

Another problem is that the resist often partially remains undissolved. Also, during metal 

deposition, the sidewalls of the resist can be covered by metal, which can prevent the resist 

from being lifted off appropriately [77, 78]. Also, metal deposition on the sidewalls could fall 

on the surface, forming unwanted features.  

Recently Hahn et al. [79] developed a resist-on-metal bilayer lift-off technique, illustrated in 

Figure 16, facilitating the fabrication of nano plasmonic structures on insulating substrates. 

Electron beam lithography (EBL) is a well-know and standard method to write directly on a 

resist. However, using EBL on transparent or insulating substrates (e.g. glass or polymer) is 

difficult, due to charging caused by the accumulation of static electric charge on the substrate 

surface during exposure. The main advantage of metal/resist bilayer is that EBL is enabled on 

insulating substrates by eliminating charging during electron beam exposure. Also, it provides 
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an under-cut for clean lift-off. They selected Al as the metal in the metal/resist bilayer, because 

it (i) minimally reactive with the substrate, (ii) can be wet-etched to form the under-cut  (iii) is 

etched with high selectively with respect to other materials used in the structure. 

 

 

Figure 15 Schematics of Lift-off process steps: (A) Substrate preparation (B) Deposition of the resist 

layer (C) Patterning the resist to create (D) an inverse pattern (E) Metal deposition (F) Washing out 

the unwanted area from the substrate. 

 

 

Figure 16 Schematic illustration of resist/metal bilayer lift-off process. Here, Al has been used as the 

metal in the resist/metal bilayer (a) Electron beam resist or photoresist, and the Al layer is prepared on 

a substrate. (b) Resist is patterned by electron beam or photolithography, then developed. (c) 

Formation of under-cut in the wet etching of the Al layer (d) Metal deposition (e) Resist lift-off. (f) 

Removal of residual Al. 

 

Because of some issues mentioned before,  and also because the lift-off process is a tedious 

process for plasmonic nanofabrication, Yanik et al. [80, 81] have developed a fabrication 
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technique which eliminates the need for a lift-off process after metal deposition. They used a 

freestanding Si3N4 membrane patterned with NH array structures as a stencil mask for metal 

deposition. So, during metal deposition, the metal flows out through the NH array in the stencil 

mask and only remains on the surface. One issue related to this technique is the re-usability of 

stencil masks for multiple metal depositions, which prevents this technique to be used widely 

for nan-patterning. 

 

Figure 17 Suspended plasmonic nanohole arrays are fabricated using a lithography process consisting 

of: (a) patterning of the freestanding Si3N4 membrane followed by RIE etching, (b) oxygen plasma 

cleaning of the surface followed by metal deposition. (c_d) SEM images of the fabricated nanoholes 

array (in different angles). Holes diameter and periodicity is 200 nm and 600 nm, respectively [81] 

. 

i. UV lithography  

UV lithography makes use of a photoresist (PR) layer that is spin-coated on a substrate and 

then is exposed to UV light using a photomask which is patterned with a metal such as 

chromium (Cr), as shown in Figure 18. PR can be a positive or negative tone. For the positive 

tone, the area exposed to UV light through the photomask will be dissolved during developing, 

while for the negative tone, PR will remain during developing. Usually, the smallest feature 

that can be patterned is limited by the wavelength of the UV light source. The smallest feature 

size is roughly equal to the square root of the illumination wavelength [82]. To overcome this 

limitation, short UV wavelengths such as deep UV light produced by an excimer laser (e.g. 

KrF, ArF, and F2) can be used [82]. Using deep UV light, an array of nano features with 200 

nm diameter and 600 nm period on Si3N4/Si [83] and glass substrates [70] have been reported. 
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However, this kind of lithography requires nanoscale precision alignment systems as well as an 

expensive photomask. 

 

Figure 18 Schematic of photolithography steps, in general, 

 

ii. Interference lithography (IL)  

This technique can be used for the fabrication of nano-arrays in a large area without using any 

photomasks [84]. As shown in Figure 19, in this method, two or more coherent incident beams 

interfere to create an interference pattern in the photoresist layer. The period of the interference 

pattern can be controlled by the wavelength, the angles of incidence, or a combination of both 

[84]. UV lasers with different wavelengths (Ar laser at 244 nm and Nd:YAG laser at 213 nm) 

have been reported for creating interference patterns. The smallest feature size fabricated with 

those wavelengths are 122 and 96 nm, respectively [85]. One of the main advantages of 

interference lithography is that it allows the fabrication of large-area arrays without requiring 

any photomasks [70]. A limitation is that only features that can be defined by interference 

patterns can be realised. 
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Figure 19 (a) The general scheme of the two-beam and four-beam transmission-diffraction IL method 

to produce line and hole/dot patterns, respectively [86]. (b) (top panel) Schematic of different 

configurations for multiple-beam interference lithography and SEM images exhibit the corresponding 

exposures in photoresist [87]. 

 

iii. Electron beam lithography (EBL)  

EBL is a direct writing method which does not require any photomask and uses an electron 

beam to write nanoscale patterns on an e-beam sensitive resist deposited on a substrate, as 

illustrated in Figure 20. In this technique, polymethyl methacrylate (PMMA) and hydrogen 

silsesquioxane (HSQ) are widely used as a positive and negative resists, respectively. Due to 

the small wavelength of the electron beam, EBL can be used to pattern tiny (nanoscale) 

features [72], which cannot be created using optical lithography and IL. To achieve small 

dimensions (sub-10 nm features), the thickness of the resist should be minimal to minimize the 

electron scattering effects in the resist [72, 88]. However, achieving high-resolution features 

and well-defined nanoarrays requires an appropriate selection of resist/developer and a careful 

post-exposure process. 
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Figure 20  Schematic of E-beam lithography process. (SEM image on the bottom left is the array of 

gold nanorods deposited on a glass substrate) [89]. 

 

iv. Nanoimprint lithography (NIL) 

Nanoimprint lithography (NIL) is a high-resolution patterning method providing an effective 

and low-cost technique for replicating features less than 10 nm over large areas with long-

range order. This method is considered promising as a solution to the practical limits of 

photolithography and e-beam lithography. Since this lithography method does not require any 

light or high energy particle beams, the feature resolution is not limited or controlled by factors 

such as diffraction, interference, or scattering [90, 91]. There are two common types of NIL, 

thermal and UV, and both usually involve two steps: molding and demolding. In thermal NIL, 

the imprint resist, which is a thermoplastic polymer, is coated onto the substrate, followed by 

an imprint or molding step. Then the resist is masked and heated above the glass transition 

temperature (Tg) to form a viscous, flowable liquid. For the demolding step, the resist is cooled 

down, and the mask is pulled off, to separate the mold from the molded resist, to be reused for 

the next molding cycle. PMMA is a common thermoplastic resist material, for thermal NIL, 

due to its low cost and availability in a wide range of molecular weights, which can produce 10 

nm resolution patterning [92]. In contrast to thermal NIL, in UV-NIL, the resist hardens by 

cooling and UV-curing. Both thermal and UV-NIL have been used by various research groups 

to produce large-area metallic structures [73, 93, 94]. The nanofabrication of metallic 

structures using NIL suffers from issues such as the presence of a residual layer after 

imprinting which needs a subsequent RIE process to remove [95]. Schematic illustrations of 

both thermal and UV nanoimprint lithography processes are given in Figure 21. 
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Figure 21 Schematic of Nanoimprint lithography process of (A) thermal NIL, (B) UV-curable NIL 

[96] 

b. Resist-free patterning techniques 

i. Focused ion beam (FIB) lithography  

FIB lithography is a resist-free, maskless nanofabrication technique which uses high energy 

focused ion beams to directly mill nanoscale patterns on a desired substrate [9], as illustrated 

schematically in Figure 22(a). Ga and He ions are commonly used in this technique. Because 

ions are more massive than electrons, FIB milling is less affected by scattering. FIB milling 

using gallium (Ga) ions is a common approach to nanofabrication [97, 98]. The typical 

nanohole size obtained using Ga+ ions is limited to ~ 50 nm. Ga FIB miling suffers from 

limited resolution, material redisposition and unwanted implantation of Ga ions into the 

substrate [99]. He+ ion beams have been used by Ananth et al. [10] for creating 5 nm holes in a 

100 nm thick gold film. Also, Hahn et al. [9] used He FIB milling to fabricate arrays of 

plasmonic heptamer-arranged nanoholes with 15 nm inter-hole spacings in a 55 nm thick gold 

film. While FIB milling is widely utilized to make isolated metallic nanoholes, it cannot be 

used to create isolated metallic nanoparticles and assemblies. To solve this problem, Chen et 

al. [100] proposed and developed an approach to defining plasmonic nanoparticles and also 
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nanoparticle assemblies using FIB milling via a "sketch and peel" strategy, as shown in Figure 

22(b). 

 

Figure 22 Comparison between (a) conventional FIB milling technique and (b) “sketch and peel”-

based FIB milling process, to fabricate a plasmonic nanoparticle. (a) In the conventional method, a 

large area of the metal film should be milled to obtain an isolated particle. (b) In “Sketch and peel” 

approach, only a narrow area needs to be milled followed by selectively peeling off the majority of 

the metal film to create an isolated particle. 

 

ii. Colloidal lithography (CL)  

Colloidal lithography is a resist-free, low-cost, large-scale and repeatable nanofabrication 

technique. This technique combines bottom-up and top-down approaches which start with a 

monolayer of synthesized nanoparticles assembled on a target substrate followed by metal 

deposition. If the nanoparticles are too closely packed, the monolayer is exposed to RIE to 

shrink the colloidal sizes, before metal deposition. A hexagonal arrangement of metallic 

nanoholes can be created using this method. For instance, Xue et al. [101] developed an 

approach for fabricating graded plasmonic arrays of Ag nanowells with a geometric gradient. 
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In this approach, colloidal lithography combined with an inclined RIE process was used to 

produce graded plasmonic arrays, as shown in Figure 23.  

 

Figure 23  (Top panel) Schematic for the fabrication of Ag nanowell arrays with a geometric gradient, 

using the colloidal lithography combined with an inclined RIE process. (Bottom panel) The SEM 

images of the PS microsphere masks on different positions along the substrate. (The scale bars for 

SEM images are 1μm) [101]. 

 

B. Bottom-up nanofabrication 

Bottom-up nanofabrication approaches are described as the construction of nanostructures by 

the self-assembly of atoms or molecules. The physical and chemical forces at the nanoscale 

level are responsible for the arrangement of atoms or molecules. Some bottom-up 

nanofabrication methods are discussed in this section. 

 

a. Atomic layer deposition 

Atomic layer deposition (ALD) is a thin-film deposition technique based on sequential self-

terminating surface reactions of a gas phase precursor, which leads to forming extremely thin 

and high-quality films. The thickness of the film can be controlled at the atomic level. Figure 

https://en.wikipedia.org/wiki/Thin-film_deposition
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24 illustrates the operation of one ALD cycle of the TMA/H2O process[102] (TMA is 

trimethylaluminium). Cao et al. [103] described an approach to fabricate AuNP / nanogap / 

AuNP structures for surface-enhanced Raman scattering (SERS) applications. This plasmonic 

structure was built using a combination of rapid thermal annealing (RTA), atomic layer 

deposition (ALD), and chemical etching, as shown in Figure 25. An Al2O3 layer deposited 

using the ALD technique was controlled on the nanometer scale, which resulted in precise 

tunability of the nanogap size between Au NPs. In another study, Whitney et al. [104] used 

ALD to deposit 1 to 600 monolayers of Al2O3 with ∼1 Å thickness resolution on Ag nano 

triangles, in which the thickness of each Al2O3 monolayer was 1.1 Å. The performance of the 

Ag nano triangles was examined as an LSPP nanosensor by detecting Al2O3 film growth with 

atomic spatial resolution normal to the nanoparticle surface. 

 

Figure 24 Schematic illustration of one ALD cycle of the TMA/H2O process. Step 1: The first reactant 

A (TMA) reacts in a self-terminating way with the available functional groups on the OH-terminated 

surface. Step 2: The excess of reactant A (TMA) and the gaseous by-products (CH4) are purged or 

pumped away. 3. Step 3: The second reactant B (H2O) reacts in a self-terminating way with the 

adsorbed species (A) on the surface. 4. Step 4: The excess of reactant B (H2O) and the gaseous by-

products (CH4) are purged or pumped away 
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Figure 25 Schematic of the fabrication process of AuNP / nanogap / AuNP structure which consist of 

ALD technique  (I) gold film is deposited on the substrate, using sputtering (II) Au NPs are fabricated 

using RTA process; (III) very thin Al2O3 layer is formed on Au NPs via ALD process; (IV, V) second 

thin Au film is deposited on the Al2O3 coated Au NPs, then RTA process is used to form a structure of 

AuNP / Al2O3 / AuNP; (VI) Al2O3 is partially etched to create the final AuNP / nanogap / AuNP 

structure [102]. 

 

b. Self-assembly 

The organization of close-packed plasmonic NPs in lattices consisting of thousands of NPs 

provides control and tuning of optical properties due to surface plasmon coupling between 

neighboring NPs and forming hot spot in interparticle gaps. The optical properties of self-

assembled nanostructures can be controlled by changing structural parameters such as the 

number of NPs in the cluster, direction of NP organization, inter-particle gaps, and the size and 

shape of the NPs. Solution-based self-assembly of metallic NPs could decrease the interparticle 

gap to 1 to 2 nm [105].  

 

Different groups have used self-assembly to fabricate plasmonic nanostructures [106, 107]. For 

instance, Fan et al. [108] used self-assembly to fabricate clusters of metal-dielectric spheres, as 

shown in Figure 26. They measured the optical properties of the fabricated self-assembled 

clusters and demonstrated that their plasmonic properties could be  tuned by changing the 

number of particles and also their position in the cluster. As schematically illustrated in Figure 

26, the assembly of colloidal clusters involved several steps. The first step is the synthesis of 
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gold nanoshells, consisting of a metallic shell with a silica core. In the next step, a droplet of 

the particles placed on a hydrophobic substrate starts to dry slowly at room temperature. 

During the evaporation step, the droplet of particles breaks into smaller droplets, and 

nanoshells start to bundle together by capillary forces. 

 

Figure 26 To assemble the clusters, nanoshells in aqueous solution is placed on a hydrophobic 

substrate and evaporated [108]. 

 

c. Sol–gel nanofabrication 

Nanofabrication involving a sol-gel can be classified as a bottom-up method, and has been 

used for the fabrication of metallic nanostructures, especially ones involving the oxides 

of silicon (Si) and titanium (Ti). In this process, monomers are converted into a colloidal 

solution (called a sol), used as the precursor to start forming an integrated network (called gel) 

of nanoparticles, for instance. The sol-gel process is one of the important methods used for 

synthesis of nanoparticles. It has several advantages such as ultra-homogeneity and high purity, 

and it is a cost effective nanofabrication method [109]. Kumar et al. [110] used sol-gel 

methods to synthesize silver nanoparticles in titanosilicate matrix. Due to the excitation of 

LSPPs, the absorbance spectra of these silver nanoparticles exhibit a broad peak in the 380–

410 nm range, which is suitable for solar cell applications.  

 

 

 

 

https://en.wikipedia.org/wiki/Manufacturing
https://en.wikipedia.org/wiki/Silicon
https://en.wikipedia.org/wiki/Titanium
https://en.wikipedia.org/wiki/Sol_(colloid)
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Fano resonance 

Unlike typical plasmonic resonances which are described by a symmetric Lorentzian line 

shape, Fano resonances with asymmetric profiles have been commonly observed in various 

fields of science and engineering such as atomic and solid-state physics [111, 112], electronic 

circuits [113], photonics, nonlinear optics [114], acoustic systems [115], and also atomic, 

nuclear, and hadronic systems [116]. The origin of a Fano resonance is usually described as the 

coherent interference of a continuum (or subradiant mode) acting as a background, with a 

localized (or superradiant) mode.  

 

In general,  this kind of asymmetric line shape is usually described by the famous Fano 

formula [117]: 

 I =  (10) 

which can be simplified to: 

 I =  (11) 

where  is the frequency of the incident photon, 0 is the resonance frequency, q is the Fano 

asymmetry parameter,  is the resonance linewidth, and ε is defined as ε = ( )/ . The q 

parameter determines the degree of asymmetry in the Fano resonance and depends on the 

interference conditions between subradiant and superradiant modes. Fano profiles with 

different values of q, ranging from 0 to 3 are illustrated in Figure 27. For large  (   1) 

the interference is dominated by the superradiant mode resulting in a Lorentzian peak on top of 

a weak background. Decreasing  increases the asymmetry with = 1 producing an 

asymmetric Fano-profile with a minimum adjacent to a maximum.  As seen in Figure 27, when  

 = 0 the interference results in a spectral dip in the continuum.  

Several models have been suggested to explain the physical nature of the Fano resonance 

intuitively. One useful model in this regard is the coupled oscillator model, where the modes of 

a system are treated as masses coupled by a spring [11]. 
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Figure 27 A schematic illustration of the line shape of a Fano resonance for various q-parameter 

[118]. 

 

A. History of Fano resonance 

Ugo Fano [119] was the first to propose an explanation for the asymmetric line shape seen in 

some Rydberg spectral atomic lines. Rydberg spectral lines of materials is an essential 

diagnostic tool in physics, allowing scientists to investigate the properties of matter. For 

example, Bohr developed his model of atoms (the Bohr model) based on the Rydberg formula, 

which made a foundational contribution to understanding quantum theory. However, some 

Rydberg spectral atomic lines had an asymmetric line shape, which couldn't be explained at 

that time [120]. Fano described the origin of this asymmetric line shape based on the 

interference between a discrete excited state of an atom and a continuum sharing the same 

energy level [119]. He was the first person to give a theoretical explanation for the asymmetric 

line-shape seen in the scattering of electrons from helium [117]. His first paper included a 

derivation of the line shape formula, which was published in 1935 [119]. However, his second 

paper [117], published in 1961, became one of the most remarkable publications in the physics 

of the 20th century (with over 11,772 citations to date). His pioneering papers [117, 119, 121], 

in which he suggested a key new ingredient for radiation-matter interaction in atomic physics, 

made him one of the leading players in 20th century physics. 

 

https://en.wikipedia.org/wiki/Old_quantum_theory
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The first observed asymmetric lineshapes can be traced to the discovery made by Wood in 

1902 [122] when he observed an unexpected narrow asymmetric resonance with rapid intensity 

variations in the diffracted spectra of a grating illuminated by a light source. It was termed an 

"anomaly" because the effect could not be explained using conventional grating theory [122, 

123]. For the first time, Fano explained this asymmetric line shape, in a series of publications 

[124-127], suggesting that this anomaly could be associated with the excitation of a leaky 

surface wave along the grating. He showed that the Fano formula could fit the observed 

asymmetric line shape with reasonable accuracy, where the leaky mode can be considered as a 

discrete state and the incoming radiation as a continuum. So, the interference between the 

leaky mode and incoming light results in an asymmetric Fano line shape. This interference is 

similar to the interference phenomena observed in the absorption of Rydberg atoms, in which a 

leaky mode was associated with a discrete state and the incoming wave with a continuum. 

 

This kind of asymmetric line profile has been observed in various systems and structures, and 

sometimes it is not easy to explain their origin. To provide a general explanation for the origin 

of the Fano line shape in various arrangements, a simple model of two coupled oscillators has 

been introduced [128]. It sheds light on the origin of the interference phenomena and makes it 

simple to understand the origin of the Fano profile in various systems in a unified way. 

 

B. Origin of Fano resonance 

a. Single oscillator 

Usually, a resonance in the response of a system has a Lorentzian shape, and it is defined as the 

enhancement of a system response at a specific frequency in response to a driving force.  It is 

usually referred as the resonant frequency or natural frequency (eigenmode) of the system. To 

explain the Lorantzian line shape of the resonance, the system is considered as a harmonic 

oscillator with periodic diving force. Then the following differential equation is used to 

describe its motion [11]: 

 + + = A ( + ) (12) 
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where  and  are the frequency of the external force and natural frequency of the oscillator in 

the absence of damping, respectively.  is a frictional parameter (damping constant). The steady-

state solution for equation (12) may be written as x=x++ x- where  are solutions for the 

‘positive’ and the ‘negative’ frequencies, respectively. So, the solution can be written as x(t) = 2 

Re ( x+(t) ) where x+ may be considered as the solution of the equation: 

 + + ++ +=a  (13) 

in which  a=  A, and x+ can be expressed in the form of x+(t)= c( ) , in which c( ) is [11]: 

 c( ) =  
(14) 

which can be expressed as c( )= , with  

 = ,    =  
(15) 

 

Figure 28 (a) The resonant line shape of the amplitude for the single oscillator. The driven frequency is in units of 

the natural frequency of the oscillator, . (b) The phase jumps by  when the frequency passes through the 

resonance. 

 

 and  are plotted in Figure 28. Based on Figure 28 (b), when the frequency of the 

driving force is close to the natural frequency of the oscillator,  = , a resonance in 

occurs, which is the resonance in the oscillator response (x). Also, it is seen in Figure 

28, that the phase of oscillator response increases from  = 0 at  = 0 to  = at  =  (at 



43 

 

resonance) and to  for . So, if the oscillator and the external force are in phase for  

, they will be out of phase for   [11]. While the resonance in a variety of physical 

systems can be explained by the single oscillator model, some physical systems exhibit 

resonances with an asymmetric line shape, which is not possible to be described by this model.  

 

b. Two coupled oscillators 

Some physical systems show asymmetric line shapes in their responses, which can't be 

explained based on the single oscillator model. A simple model to describe these asymmetric 

features is a system of two weakly coupled harmonic oscillators, as illustrated in Figure 29(a), 

where an external force drives just one oscillator. As explained in the previous section, the 

equation of motion for each oscillator can be written as [11]: 

 

 1
 + 1+ 1+  x2=a1  

2
 + 2+ 2+ x1=0 

(16) 

   

where  is described as the coupling of the oscillators.  

For the case of a1 = 0, the normal modes of the oscillators can be reviewed. In this case, if the 

coupling is absent (  = 0), the two free oscillators may move independently at their natural 

frequencies. However, when the oscillators are coupled, they have two normal modes (or 

eigenmodes). For the first normal mode, the two oscillators move in phase and swing back and 

forth together. For the second normal mode, they move out of phase, swinging in opposite 

directions. 

 

To explain the meaning of eigenmodes for this system, assume that there is no friction between 

oscillators,  =  = 0. Then, the eigenmodes of the coupled oscillators can be written as 

 
 

(17) 
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For a weak coupling parameter ( ), the eigenfrequencies of this coupled system 

can be obtained from  

     (18) 

It is seen that the eigenfrequencies of the coupled oscillators are slightly shifted from those of 

independent oscillators. 

 

Now, we consider a more general case a1, ,  and  are not equal to zero. After some 

manipulation, the steady-state solutions for the oscillators' displacement can be written in 

harmonic forms such that: 

 x1(t) = c1( ) ,        x2(t) = c2( )  (19) 

where: 

 c1( ) =  (20) 

 c2( ) =  
(21) 

 

and c1( )=  and c2( )= . So, the phase difference between the 

two oscillators can be given as: 

 - = - ; (22) 

where the extra phase shift  is: 

 

 
(23) 

For simplicity, the case of negligible friction for the second oscillator is examined ( = 0). For 

this situation, the amplitude of the first oscillator versus the frequency of the external force is 

illustrated in Figure 29(b), for = 0.025 and = 0.1. Two peaks appear, a symmetric one at 

 = 1 and an asymmetric one at  = 1.21. The location of these resonant peaks corresponds to 
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the real parts of the complex eigenfrequencies of the coupled oscillators,  and , which are 

correspond to the zero values for the denominator of equations (20) and (21). 

  

Based on equation (20), the amplitude of the first oscillator (c1) has two resonance peaks 

(symmetric and asymmetric line-shape, shown in Figure 29(a)) near the eigenfrequencies  = 

Re[ ] = 1 and  = Re[ ] = 1.21 and it vanishes at the zero-frequency  = = 1.2. This 

frequency (zero) appears just before the peak position at eigenfrequency,  = Re [ ] = 1.21. 

The adjacency of a minimum to a maximum causes the second mode resonance to be 

asymmetric. The physical meaning of this zero amplitude can be explained based on the phase 

difference between the two oscillators by examining Figure 29(c) and 29(d).  Unlike the first 

resonance, the phases of the two coupled oscillators are changing differently around the second 

resonance. When the frequency of the external force is less than  (  < ), the first and 

second oscillators experience almost the same phase shift with respect to the external force, so 

both are in phase. However, just before zero, the phase of the first oscillator eventually drops 

by , to ultimately become out of phase with respect to the second oscillator. So, the motion of 

the first oscillator is wholly dampened by the second oscillator, and zero amplitude is 

experienced by the first oscillator. This forms a dip right before the peak resonance at  = 

1.21, at which the two oscillators are in phase again.  

 

A zero amplitude right before the peak is the main characteristic of a Fano resonance, which 

describes its narrow and asymmetric line shape. In other words, the critical feature of the Fano 

resonance is the possibility of destructive interference, which results in its asymmetric line 

shape [129-132]. In the case of 0, the amplitudes of both oscillators at resonance become 

smaller as  increases (not shown here). Besides, zero for the first oscillator shifts, and the 

amplitude at this frequency does not vanish but gains a minimal value [11]. 
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Figure 29  (a) Schematic view of two coupled oscillators with a driving force applied to the first one. The resonant 

behaviour of the amplitude of the (b) first oscillator and (d) second oscillator in two coupled oscillator system; 

where the frequency is in units of the natural frequency, . There is a zero- amplitude at =  = 1.2 for the 

first oscillator, which causes that this oscillator experiences an asymmetric lineshape near =1.21. The phase 

behaviour of the (c) first oscillator and (e) second oscillator amplitude have been provided, as well [11].  

 

C. Plasmonic Fano resonance 

Fano resonances in plasmonic structures are usually described based on coherent interference 

between superradiant and subradiant plasmon modes [133]. The superradiant mode has a finite 

dipole moments and can be excited by incident light. In contrast, the subradiant mode has an 

almost zero dipole moment, which hardly couples to incident light. 

  

In other words, the Fano feature appears due to the coherent interference between a discrete 

(Lorentzian) mode and a spectrally broad continuum. Since the phase of the discrete mode 

changes rapidly with frequency around a resonance, while the continuum has a constant (or 

slowly changing) phase, there will be spectral locations of constructive and destructive 

interference on opposite sides of the resonance frequency. This is the main reason behind the 

formation of asymmetric Fano line-shape in plasmonic structures. Recently, Fano resonances 

have been found in various complex plasmonic nanoclusters [133, 134] such as pentamers 

[135], heptamers [136], nanodisks [137], and structures such as carbon nanotubes [138]. Fano 

resonances can be generated in plasmonic systems which have been engineered to support a 
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discrete subradiant dark mode and a broad superradiant one   [133] . The key approach to 

observe a Fano resonance is to design a plasmonic geometry or a 'plasmonic molecule' 

supporting simultaneous excitations of both types of modes. To do so, researchers have 

designed and studied different familes of plasmonic nanostructures, such as asymmetric 

geometries, a NP near a metallic surface, periodic arrays of NPs, nanostructure clusters, and 

nanoparticles on a reflector.  

 

a. Asymmetric geometries 

Fano resonances have been detected and seen in a variety of physical systems. There are 

various ways to design a family of plasmonic nanostructures, called plasmonic molecules, to 

support Fano resonances. One of the conventional approaches is asymmetric, which forces the 

structure to support higher-order modes in addition to the dipole like mode. Generally, it is not 

easy to generate strong Fano resonances in a single plasmonic nanoparticle with high structural 

symmetry. That is why asymmetric plasmonic geometries have attracted significant attention 

for creating Fano resonances. The nonconcentric ring/disk cavity (NCRDC) arrangement [139] 

was one of the first asymmetric plasmonic structures, supporting a Fano resonance. As shown 

in Figure 30, asymmetric can be achieved by the displacement of the disk with respect to the 

center of the ring in a metallic disk-ring system. The plasmon resonances of this system are 

described in terms of the plasmon hybridization (PH) of the single ring and disk plasmon 

modes, which result in generating a new set of modes including symmetric and asymmetric 

ones [140]. The asymmetric one is a subradiant mode due to the opposite alignment of dipolar 

moments of the disk and ring. However, the symmetric one is superradiant, which strongly 

radiates because the dipolar plasmons of the disk and ring are in phase. The interference 

between these two modes results in a Fano resonance. Also, it has been shown that a non-

concentric ring/disk cavity (NCRDC) can produce much more significant electromagnetic field 

enhancements than a concentric ring/disk cavity (CRDC). 
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Figure 30 Extinction spectra for Ag centric ring/disk cavity (dashed lines) and Ag nonconcentric 

ring/disk cavity (solid lines) [140].  

 

Panaro et al. [141] applied asymmetry to a nano-antenna dimer such that it may support a Fano 

resonance. In general, the aligned nanoantenna dimers promote an intense dipolar resonance 

(bright), but it can't support any dark modes, which is necessary for generating a Fano 

resonance.  Panaro et al. [141] have shown that by tilting one arm of the dimer, consisting of 

the same length and width (see Figure 31(a)), symmetry is broken. This results in generating 

two new hybridized plasmon modes; an antibonding dark mode and a bright mode. Applying 

normally-incident light polarized parallel to the long axis of the non-tilted arm, experimental 

extinction spectra were obtained for various tilting angles between two dimers (0° < δ < 90°), 

as illustrated in (Figure 31b). For δ < 70°, only a bonding peak exists, but a Fano dip starts to 

appear at shorter wavelengths for δ > 70°, as seen Figure 31 (b). This Fano dip is due to the 

interference of bonding and antibonding modes, which exist for the cases of δ > 70°.  

 

Figure 31  (a) Sketch of an aligned and a tilted nanoantenna dimer. (b) Experimental extinction 

spectra of the dimers for different tilting angle, δ. (c) SEM images of dimers for various tilting angles 

https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Simone++Panaro
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Simone++Panaro
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0° (i), 70° (ii), 80° (iii), and 90° (iv) (single antenna sizes: length l = 160 nm, width w = 80 nm, 

height h = 60 nm, and interparticle gap is 5 nm) [141]. 

 

b. Periodic array of nanostructures 

 Arrays of metallic NPs may support collective optical excitations known as surface lattice 

resonances (SLRs).  SLR can be supported in a plasmonic structure when NPs are positioned in 

an array with a lattice periodicity comparable to the wavelength of the incident light. By 

choosing the right combination of particle dimensions and material, and also the array 

periodicity, the scattered (diffracted) field arrived at each NP could be in phase with the 

plasmon resonance induced by the incident light. In this situation, the LSPP is reinforced, and 

then a new kind of resonance emerges, which is known as a surface lattice resonance (SLR) 

[142, 143]. This is an asymmetric Fano-like resonance which is sharper than the LSPP 

associated with the isolated single particle, and also is very sensitive to its surrounding 

environment [142, 144]. Figure 32(a), shows the extinction spectra fora single isolated NP 

(green line), and an array of NPs in a 480 nm square lattice (blue line). The extinction spectra 

of a 50 nm silver NP array of periodicity ranging from 200 to 700 nm, are provided in Figure 

32(b). 

 

Figure 32 (a) Extinction spectra of a single isolated NP (green line) and a particle in a 480 nm square 

lattice (blue line). The NPs are silver disks with a diameter of 120 nm and a height of 30 nm 

embedded in a homogeneous medium (n = 1.515). (b) Extinction spectra of 50 nm silver NPs array of 

400 particles with interparticle spacing (periodicity) ranging from 200 to 700nm. The isolated particle 

spectrum is included for reference; it is evident that SLR is profound for specific periodicity, which is 

at P=500nm, in this case [142]. 
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Extraordinary optical  transmission 

A periodic array of plasmonic NPs or NHs can support Fano resonances due to excitations of 

SLRs, which occur for a specific periodicity. However, periodic arrays of subwavelength NHs 

exhibit another unusual behaviour discovered by Ebbesen et al. [58], who reported pioneering 

work on metallic nanohole arrays, demonstrating extraordinary optical transmission (EOT) 

with a Fano lineshape at specific wavelengths [58, 145]. Van der Molen et al. [146] explained 

that the mechanism behind the Fano resonance is the coupling between SPPs or LSPPs and 

light directly transmitted through the holes. Gao et al. [147] reported a theoretical and 

experimental study on periodic nanohole arrays in a thin gold film, as illustrated in Figure 

33(a). They have shown that this subwavelength hole array exhibits EOT due to the coupling 

between SPPs and the light directly transmitted through the holes. They showed that the 

hybridization of a SPP-Bloch wave on one side of the film with a Wood’s anomaly (WA) on 

the other side, leads to a narrow linewidth peak, which is very sensitive to the surrounding 

refractive index, and is suitable for sensing applications. 

 

 

Figure 33   (a) Schematic of an array of nanohole on SiO2 substrate (b) SEM image of the array (c) 

Finite-difference time-domain (FDTD) and experimental transmission spectra for nIII =1.29 (nIII is the 

refractive index of the superstrate). This structure supports several Fano-shape resonances originating 

due to the coupling of SPR or  LSPR and the light directly transmitted through the holes [148].  

 

c. NP near a metallic surface 

An interesting plasmonic structure supporting Fano resonances is the metal-film/nanoparticle 

system, which is a coupled system consisting of NPs on top of a metallic film with a dielectric 

spacer in between, as shown in Figure 34 (a). The primary mechanism behind the generation of 
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Fano resonances in this system is the coupling and plasmonic hybridization of LSPPs on the 

NPs with delocalized (propagating) SPP modes of the structure. The first experimental study 

on such a coupled system was reported by Holland and Hall [149], in which the reflectivity 

spectra of silver and gold island films deposited on a silver film were measured for spacers of 

various thickness. Maurer et al. [150] have published a review article focusing on coupled 

plasmonic NP/film systems, where NPs on top of the metal film are either isolated, random or 

ordered (periodic array of NPs). In addition, they discussed advances and the potential 

applications of such plasmonic coupled systems. In another study, Nicolas et al. [151] 

investigated and measured the response of a coupled AuNP metal film system consisting of an 

array of AuNPs on top of a 50 nm thick Au film, with a 6 nm thick SiO2 spacer in between, as 

shown in Figure 34 (a), which supports Fano resonances The originality of their work was in 

the simplicity of the designed structure. In this structure, the Au film operates as a mirror 

reflecting the white light which acts as the continuum. Interaction between the continuum and 

the localized gap mode in the 6 nm spacer results in a Fano resonance. They have shown that a 

Fano profile can be highly tunable by altering the NP diameters and the periodicity of the 

lattice. Also, they illustrated that increasing the incident angle of illumination, from 0° (normal 

incidence) up to 600 could result in decreasing the asymmetry of the Fano profile, as shown in 

Figure 34 (c). Finally, they examined the sensing performance of this coupled system by 

measuring the FOM, reporting a value of 3.8, the highest for a sensor of this type at this 

wavelength. 

 

Figure 34 (a) Schematic of the coupled system of AuNPs on a 50-nm-thick Au film with a 6-nm-thick SiO2 

spacer. (b) SEM images of an array of AuNPs with a periodicity of 300 nm and diameters of 110 nm (c) Evolution 

of extinction spectra for a various incident angle of illumination for TE illumination [151]. 
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In another study, Le et al. [152] examined the coupled system of a metallic nanoshell near a 

metallic film, as shown in Figure 35. They illustrated that this metallic nanoshell/film structure 

supports bonding and anti-bonding modes, that the coupling between these two modes results 

in strong Fano resonances with significant local field enhancements. The strength and the line 

width of the Fano resonances depend strongly on the aspect ratio of the nanoshell (the ratio of 

inner to outer radius) and the thickness of the film. 

 

 

Figure 35 (a) Schematic of the nano shell-metallic film interaction with a different aspect ratio (a/b). 

The black curves show the absorption spectrum resulting from the plasmonic interaction between the 

nanoshell and the film. 

 

d. Nanostructure clusters 

One family of nanostructures exhibiting sharp Fano resonances is a finite cluster of plasmonic 

nanostructures. When two or more nano elements are located very close to each other, their 

plasmons can couple through near-field interactions and form a new set of hybridized 

collective plasmonic modes. A variety of plasmonic nanoclusters consisting of three [153], 

four [154], seven particles [108], and even more elements [155] have been studied, which 

exhibit Fano features when the near-field coupling between elements is sufficiently high. A 

dolman-type slab arrangement was one of the first plasmonic geometries investigated, 

supporting a Fano resonance in its transmission spectrum [156]. 

 

In this category, the heptamer arrangement of NPs has attracted significant attention. This 

symmetric NP cluster consists of a central particle surrounded by six nanoparticles [108, 157]. 
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The collective plasmon modes of this arrangement are hybridized states formed by the 

interaction of the central particle LSPPs with the collective LSPPs of the surrounding six 

particles, as shown in Figure 36 (a). Two different modes, bonding and antibonding modes, 

form. For the bonding mode, the dipolar plasmons of all particles oscillate in-phase along the 

polarization direction of the incident light. So, it is a superradiant mode, resulting in a strong 

scattering due to the constructive interference of the particles' radiated fields.  However, for the 

antibonding mode, the total dipolar plasmon of the surrounding NPs oscillates out of phase 

respect to the dipolar plasmon of the central particle. For a heptamer constructed of identical 

particles, the dipolar plasmon of the central particle and ring particles cancel each other out, 

leading to substantial destructive interference of their radiating fields. So, this subradiant 

plasmon mode weakly couples into the incident light, resulting in a sharp Fano resonance in 

the spectra, as illustrated in Figure 36(a–c). 

 

Fan et al. [108] have investigated a self-assembled nanoshell heptamer. They reported 

observing Fano resonanced in the scattering spectra, seen as a dip at = 1490 nm, as shown in 

Figure 36(a–c). Hentschel et al. [158] investigated the optical response of plasmonic hexamer 

and heptamer arrangements of planar disks, as shown in Figure 36 (d). They showed that 

decreasing the interparticle separation beyond 60 nm results in a pronounced Fano resonance, 

as illustrated in Figure 36 (f). The optical response of the hexamer exhibits a drastic change 

with respect to the heptamer, so the hexamer which has a missing central particle doesn’t 

support any Fano resonance, as illustrated in Figure 36 (e).   
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Figure 36  Fano resonances in plasmonic nanoparticle clusters. (a) calculated dipole amplitudes of the 

bonding and antibonding plasmon modes in a gold nanoshell heptamer[108]. (b) Measured and (c) 

calculated scattering spectra of a gold nanoshell heptamer [108]. (d) SEM images of the fabricated 

gold nanodisk heptamer. (Top) view of the sample, (bottom) enlarged views of the sample at a tilting 

angle of 70°. (e) and (f) Transmission spectra are showing that the heptamer supports a profound Fano 

resonance for small interparticle distances [108].  

 

Bao et al. [155] numerically studied the optical properties of spherical silver nanoparticle 

clusters. They showed how the extinction spectra of the clusters evolve when the number of 

particles increases in the cluster. As seen in Figure 37(a), when the cluster is a heptamer, it 

exhibits a Fano resonance due to the interference between super- and subradiant collective 

cluster plasmon modes. For hexamer clusters composed of identical particles, the central 

particle has a larger dipole moment than the ring. So, the antibonding mode has a net total 

dipole moment, which means that it is no longer subradiant, and thus cannot contribute in 

generating a sharp Fano resonance, Figure 37(b) (left panel, first row). To overcome this 

problem, the size of the central particle was decreased to force the antibonding mode to 

become subradiant and generate a Fano dip (right panel, first row). For the octamer with 
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equally-sized particles (left panel, second row), the dipole moment of the ring is larger than the 

one of the central particle. Increasing the size of the central particle, the total net dipole 

moment could be zero. Then the antibonding mode becomes subradiant to create a sharp Fano 

dip (right panel, second row). The same idea can be applied to larger clusters, as shown in 

Figure 37 (b).  

 

In another study [159], they used the plasmon hybridization approach and group theory to 

investigate the optical properties of a symmetric Ag heptamer oligomer placed on a glass 

substrate surrounded by dielectric media of different permittivity, as shown in Figure 38. The 

pronounced Fano resonance in its extinction spectrum is highly sensitive to the surrounding 

dielectric medium. Its calculated sensitivity was reported  515 nm/RIU, and its corresponding 

FoM was 10.6. This shows the great potential of this oligomer for sensing applications. 

 

Figure 37 Calculated extinction spectra for different oligomers of silver nanospheres (a) showing the 

formation of Fano feature when the oligomer is a heptamer (b) illustrating that by changing the size of 

the central hole, the oligomer can support a Fano resonance. All peripheral particles have R = 50 nm, 

and their interparticle gaps are 5 nm. The radius of the central particle is varying in the right panel to 

let the cluster have a zero net dipole moment for antibonding mode, and then support a Fano 

resonance.  
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Figure 38  Extinction spectra of the Ag heptamer oligomer  for surrounding media with different 

dielectric permittivity. The heptamer is composed of Ag sphere with radius = 50 nm and an 

interparticle gap of 5 nm. The glass substrate has a permittivity of 2.09.  

 

While the origin of Fano resonances in plasmonic clusters is usually described as the 

interference of a bright and dark mode, some studies show that interference between two bright 

modes can lead to forming a Fano feature as well. For instance, a hybridized system composed 

of four interacting gold nanorods has been reported by Lovera et al. [154], and exhibits Fano 

resonances due to the interaction between bright modes only. As shown in Figure 39 (a), the 

structure consists of nanoantennas (yellow) coupled to two parallel nanorods (blue). The whole 

nanostructure is made of gold (different colors in Figure 39 (a) were used for clarity). As 

demonstrated in Figure 39 (b), the system exhibits a pronounced Fano resonance. The Fano 

resonance is highly tunable by changing the aspect ratio of the rods. Instead of using the 

conventional coupled oscillator (CCO) model [11], they developed an extended coupled 

oscillator model (ECO) for describing Fano interference in their system. They experimentally 

proved the tunability of the Fano resonance in this oligomer structure, Figure 40(a). With 

numerical calculations using a surface integral equation (SIE) method, they verified the 

accuracy of the ECO model, for a range of geometrical parameters, as illustrated in Figure 40 

(a-c).  



57 

 

 

Figure 39 (a) Schematic of the oligomer structure consisting of a dipole antenna (yellow) and two 

nanorods (blue).  The antenna has an arm length of 70 nm and a gap d=25nm, and the other has an 

arm with a length of L = 120 nm. The whole system is made out of gold. (b) SIE simulation (solid red 

line) and ECO model fit (black dashed line) of the scattering spectrum for a structure. (c-g) The real 

part of the normal component of the electric field at some wavelengths illustrated in panel b [154].  

 

 

Figure 40 Scattering spectrum of the system (shown in Figure 39 (a)) (a) Dark-field experimental 

measurements, (b) SIE simulations, (c) ECO model simulation, and (d) SEM images of geometries 

with nanorods length L = 120nm and varying antenna gap size from 5 to 50 nm (scale bar is 100 nm). 
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Complementary plasmonic structures, nanohole oligomers, are interesting due to their potential 

to support both LSPPs and propagating SPPs. In some cases, this kind of structure has been 

used to combine propagating SPPs with LSPP by hybridizing two modes to generate new ones 

[160]. Although great deal of attention has been paid to metallic nanoparticle clusters, the 

optical properties of their complementary structures – arrangement of nanoholes in a metallic 

film – remain mostly uninvestigated. Zhan et al. [161] have shown that a gold nanohole 

quadrumer, illustrated in Figure 41(a), can support two Fano resonances, arising from strong 

mode coupling between either two antiparallel dipolar modes or dipole–quadruple modes in the 

nanohole quadrumer. They used full-wave finite element modelling to study this structure 

numerically and they showed that the Fano linewidth and its spectral location can be 

engineered by adjusting the geometrical parameters of the nanohole cluster, including the 

nanohole diameter, film thickness and inter-hole separation, as shown in Figure 41(b). This 

nanohole quadrumer system exhibits a sensing figure of merit of up to 14.25, far exceeding the 

value achieved for nanoparticle clusters, at that time. 

 

Figure 41 (a) Schematic of a quadrumer nanohole cluster in a gold film. (b) Scattering spectra of the 

cluster as a function of (b) hole diameter d (for s =6 nm and h = 30 nm), (c) gold film thickness h (for 

d = 100 nm and s = 30 nm), and (c) inter hole distance s (for d = 100 nm and h = 6 nm). A y-polarized 

normal incidence field illuminates the whole system. Dashed lines indicate the positions of the dark 

modes (black) and bright modes (brick red). 
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e. Nanoparticles on reflecting dielectric  

Fano resonances have been reported in a variety of plasmonic structures in which the 

hybridization between the plasmon modes of structure elements generates a new set of 

superradiant and subradiant modes. Usually, the interaction between these two new modes 

leads to the formation of a Fano feature in the optical response of the structure. Svedendahl et 

al. [162] proposed a different type of plasmonic structure consisting of layers of uncoupled 

gold nanodisks on a glass substrate, as illustrated in Figure 42(a). They measured reflectance 

spectra as a function of incidence angle and found highly asymmetric line shapes fitting very 

well with the Fano formula, shown in Figure 42. Unlike conventional Fano resonances, which 

form due to two plasmonic hybridized modes, here the Fano feature was described as 

originating from the interference between the LSPPs of the gold nanodisks and a “white” 

continuum caused by the interface reflection.  

 

Figure 42 (a) Schematic of gold nanodisks on glass showing Fano interference due to the interaction 

between localized plasmons and an interface reflection. (b) SEM image of gold nanodisks on glass (c) 

schematic of the experimental measurement configuration. (d-g) Reflectance spectra for various 

incident angles. The asymmetric line-shapes is seen for angles close to the critical angle of the 

glass_air interface, θc = 41.1o.  Dotted lines correspond to experimental data, and solid lines are the 

Fano formula fits [162]. 
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2. Ordered gold nanoparticle arrays on glass and their 

characterization. 

A. Summary 

A novel method to fabricate hexagonal arrays of AuNPs was developed, in which diblock 

copolymer self-assembly followed by seeding growth was used to produce ordered AuNP 

arrays on SiO2 substrates. First, diblock copolymer self-assembly was used to create AuNP 

seeds with various mean diameters, and centre-to-centre inter-particle spacings, by changing 

the molar ratio of the gold precursor to pyridine unit. Then the AuNP seeds with a mean 

diameter of 10.0 nm and inter-particle spacing of 62 nm were put in a growing chemical 

solution with the gold precursor, in which AuNPs gradually enlarged. The AuNP size and 

inter-particle spacing were managed by controlling the growth time and the concentration of 

the growth solution. Eventually, the AuNP seeds were grown to mean diameters of 25.7 and 

33.0 nm, while simultaneously the edge-to-edge inter-particle spacing shrunk to 37 and 29 

nm, respectively. Theoretical study and numerical simulations were carried out, and the results 

were compared with the experimental data to determine the arrays' characteristics, such as the 

size, pattern of NP arrays and spectral position of the LSPR. The bulk sensitivity was also 

calculated and measured to examine the structure for biosensing applications.  

B. Contribution  

The results provided in this chapter were published as an article in the Journal of Colloid and 

Interface Science. Jie Yuan designed and built the experimental setup; she performed the 

fabrication and obtained the experimental measurements; she wrote the experimental part of 

the manuscript. I performed the theoretical and numerical studies; I wrote the theoretical parts 

of the manuscript, and contributed to the interpretation of the results. Shan Zou contributed to 

the design, the analysis of the results and revised the manuscript. Dr. Berini contributed to the 

interpretation of the results and revised the manuscript. 

C. Article  

The published article follows verbatim. 
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3. Plasmonic Fano interference produced by gold nano-disks on 

a dielectric Bragg stack 

A. Summary 

 A dielectric-plasmonic system consisting of arrays of gold nano-disks (AuNDs) supported by 

a Bragg stack was studied theoretically and numerically. The reflectance spectra of this 

plasmonic array exhibit Fano features, forming due to the interference between LSPPs on the 

AuNDs and the reflection spectrum of the Bragg stack. Fitting the computed data with the 

Fano lineshape formula, the Fano parameters of resonnaces were obtained. Fano resonances 

exhibit linewidths of 9 nm, which is much narrower than the nano-disk LSPP bandwidth 

( 80 nm) and the Bragg reflection bandwidth ( 100 nm). These narrow resonances are 

potentially attractive for sensing applications. To examine the structure as a plasmonic sensor, 

bulk sensitivities and FOM values were calculated. Bulk sensitivities up to 52 nm/RIU were 

obtained, and FOM of 4 (RIU)-1 was achieved. 

B. Contribution  

The results provided in this chapter were published as an article in the Journal of Applied 

Physics. I proposed and designed the structure; I performed theoretical and numerical studies; I 

generated and interpreted the results, and wrote the manuscript. Dr. Berini contributed to the 

interpretation of the results and revised the manuscript. 

C. Article  

The published article follows verbatim. 
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D. Corrigendum 

• The first sentence above Eq. (4) should read: 

o  The AuNDs with a diameter of 120 nm and a height of 20 nm are small enough to 

behave in the quasistatic limit [163]. To compute the polarizability of the 

AuNDs, plotted in Figs. 3(c) and 3(d), the AuNDs were modeled as oblate 

spheroids, with their polarizability in the quasistatic limit written as. 

o  In Eq. 2, the permittivity and permeability should be their imaginary parts only. 
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4. Fano resonances in gold heptamer nano-hole arrays 

A. Summary  

A comprehensive theoretical and numerical study was performed on the optical properties of 

arrays of heptamer-arranged nanoholes (HNH). Several pronounced Fano resonances appear in 

the optical response due to various phenomena such as LSPP excitations, diffractive effects, 

propagating SPP excitations, and WA waves. To understand the mechanism behind the 

generation of Fano resonances, near-field distributions associated with each resonance were 

provided, as well as the effects of changing the structural parameters, such as periodicity, metal 

thickness, inter-hole gap and central hole radius. To examine the structure as a biosensor, bulk 

sensitivity, FoM and surface sensitivity were calculated. The highest bulk (400 nm/RIU) and 

surface (2 nm/nm) sensitivities were calculated for LSPP Fano resonances, while the highest 

FoM (24.5 RIU−1) was achieved for the WA-SPPs Fano resonance. In comparision with the 

single nanohole arrays, this structure exhibits an improvement in the bulk sensitivity and FoM 

values.  

B. Contribution  

The results provided in this chapter were published as an article in the journal Optics Express. I 

proposed and designed the structure; I performed theoretical and numerical studies; I generated 

and interpreted the results and wrote the manuscript. Dr. Berini contributed to the 

interpretation of the results and revised the manuscript. 

C. Article  

The published article follows verbatim. 
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5. Helium focused ion beam direct milling of plasmonic 

heptamer-arranged nanohole (HNH) arrays 

A. Summary  

The fabrication of plasmonic HNH arrays using a HeFIB direct milling process is described in 

detail. HeFIB milling was used to directly mill arrays of 20 × 20 HNHs in a 55-nm-thick Au 

film, on a SiO2 substrate.  Each HNH consisted of a central hole surrounded by six holes, each 

100 nm in diameter and separated by 15 nm edge-to-edge. The periodicity of the array was set 

to be 480 nm. HeFIB direct milling created high-quality HNHs with sharp edges, while there 

was minimal milled material redisposition. Due to the low milling rates, a drift correction 

scheme was necessary to counter instrument drift for writing large areas (arrays of 20 × 20 

HNHs). The optical transmittance response of fabricated HNH arrays was measured 

confirming the existence of LSPP resonances on the HNHs.  

B. Contribution 

The results provided in this chapter were published as an article in the journal Nanophotonics. I 

designed and built the experimental setup; I generated the numerical results and performed the 

experimental measurements. I contributed to writing the manuscript and the interpretation of 

the results. Dr. Choloong Hahn (a post-doctoral fellow in Prof. Berini’s group) performed the 

fabrication and co-wrote the manuscript. He also assisted in the design and construction of the 

experimental setup and contributed to interpretation of the results. Dr. Berini contributed to 

interpretation of the results, and revised the manuscript. 

C. Article  

The published article follows verbatim. 
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6. Optical response and Fano resonances in arrays of plasmonic 

heptamer-arranged nanoholes 

A. Summary 

We investigated, theoretically and experimentally, the optical properties of plasmonic 

heptamer nanohole (HNHs) arrays. He FIB milling was used to write arrays of HNHs by 

milling directly through a 55 nm thick Au film on a SiO2 substrate. We demonstrated that the 

fabricated arrays support various excitations including LSPPs and propagating SPPs and 

Wood’s anomaly waves, which are seen as resonances in transmittance spectra over the 

wavelength range of interest (600 to 1100 nm). The structure was examined for use in sensing 

applications by measuring and computing the bulk sensitivity of the resonant modes with 

respect to changes in the refractive index of the cover medium. The modes were all found to 

red-shift with increasing index. Due to providing the highest near-field enhancement, the 

resonance associated with the LSPP1 mode exhibits the largest sensitivity, as expected based 

on numerical results. The computations of bulk sensitivity are in excellent agreement with 

experiment. The transmittance spectra of arrays of 2020 HNH, fabricated with different He 

ion doses, have also been measured. The resonances start to appear for a He dose of 5 nCμm−2 

and they become increasingly stronger with increasing dose. A dose of 10 nCμm−2 was found 

as clearing dose, which fully clears the holes in our 55 nm thick Au film.  

B. Contribution  

I modelled and designed the structures; I performed theoretical and numerical studies; I 

designed and built the experimental setup; I completed the experimental measurements and 

interpreted the results; I wrote the manuscript. Choloong Hahn performed the fabrication; he 

contributed to designing the experimental setup and interpretation of the results. Hamid 

Suleman (a visiting student in Prof. Berini’s group), helped to develop and build the 

experimental setup. Dr. Berini contributed to interpretation of the results and revised the 

manuscript. 

C. Article 

The manuscript presented in this section is going to be submitted for publications. 
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7. Conclusions and future work  

A. Concluding remarks 

In chapter 3, a new Bottom-up fabrication method was developed for producing patterned 

AuNP arrays of controllable size over large areas on SiO2 substrates. This approach utilizes a 

seeding growth technique combined with a self-assembly of block copolymer micelle loaded 

with metal precursors to create ordered arrays of gold nanoparticles with the desired size. It 

was shown that this novel nanofabrication method offers a new approach to tune the AuNP 

size and inter-particle spacing while preserving their order. Diblock copolymer self-assembly 

was used to create AuNP seeds with mean diameters of 5.2, 8.3 and 10.0 nm, and centre-to-

centre inter-particle spacings of 80, 88 and 62 nm by changing the molar ratio of the gold 

precursor to pyridine unit. The AuNP seeds with a mean diameter of 10.0 nm were put in a 

growing chemical solution with the gold precursor in the container. By controlling the growth 

time and the concentration of the growth solution, the AuNP size and inter-particle spacing 

were controlled. So, the AuNP seeds were enlarged to mean diameters of 25.7 and 33.0 nm, 

while simultaneously reducing the edge-to-edge inter-particle spacing to 37 and 29 nm, 

respectively. Theoretical study and numerical simulations were carried out to determine the 

size and pattern of NP arrays and predict the LSPP peak. Besides, the bulk sensitivity was 

calculated and measured to examine the structure for biosensing applications. Unlike 

conventional top-down approaches, such as E-beam lithography which are expensive and time-

consuming, this novel nanofabrication technique is promising for low-cost mass-production of 

high-quality AuNPs in large-area arrays.   

In chapter 4, a metallic-dielectric plasmonic geometry has been studied seeking for Fano 

resonance in its response. This structure consisted of a periodic array of gold nano-disks 

(AuNDs) supported by a Bragg stack. It was determined that the structure exhibits Fano 

resonances in its reflectance spectrum. In most nanoplasmonic geometries, the Fano resonance 

occurs due to the strong near-field coupling between elements of the structure. This happens 

when the interparticle distances are minimal, which introduces fabrication challenges. 

However, in the proposed structure, AuNDs on a Bragg stack, no near-field coupling between 

AuNDs is needed to generate the Fano resonances. So, the AuNDs can be spread far enough 
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from each other to facilitate fabrication. The origin of the Fano resonances was explained 

based on the coherent interference between the reflection spectrum of the Bragg stack and the 

LSPPs on the AuNDs. Fano parameters were deduced by fitting the computational data to the 

Fano formula. The sensitivity of the system was investigated by calculating bulk sensitivities 

and the FOM of Fano resonances. The linewidth of the Fano resonances was 9 nm which is 

much smaller than that of the Bragg stack 100 nm and the LSPR for AuNDs 80 nm. Bulk 

sensitivities of 44 nm/RIU and a FOM of 4 (RIU)-1 were found, which are high compared to 

other sensors consisting of AuNPs arrays and operating in almost the same spectral range. 

One family of plasmonic nanostructures which supports sharp Fano features is the NP 

cluster. When two or more plasmonic nano elements are tightly packed, their plasmons couple 

through near-field interactions, and generate a new set of hybridized plasmon modes. Various 

plasmonic nanoclusters consisting of two and even more elements have been designed and 

investigated, seeking for Fano features in their optical responses. In the category of NPs cluster, 

the heptamer arrangement of NPs has attracted significant attention. This symmetric cluster of 

NPs consists of a central particle surrounded by six equivalent particles. The interaction between 

the central particle plasmon and the plasmon of six surrounding particles forms a new set of 

hybridized plasmons: bonding and antibonding plasmon modes. The complementary structure of 

heptamer NPs arrangement - heptamer nanohole arrangement - behaves in the same way. 

However, the complementary structure is more attractive due to its potential to support more 

excitations such as propagating SPPs, LSPPs, and also woods anomaly (WA). Fano features in 

the periodic array of HNH arrangement arise due to the interference between the light directly 

transmitted through the holes, and the light indirectly scattered via the excitation of LSPPs, 

SPPs, or/and WA waves. In chapter 5, we explained, in detail, how direct milling HeFIB was 

used to write arrays of 20 × 20 HNHs in a 55-nm-thick Au film, on a SiO2 substrate. Each HNH 

consisted of seven close-packed holes, with a diameter of 100 nm and edge-to-edge inter hole 

distance of 15 nm. 

In chapters 6 and 7, we studied the optical responses of the fabricated gold HNH arrays, 

numerically and experimentally. The mechanism behind the formation of Fano resonances was 

explained by observing electromagnetic near-field distribution, and also varying the 

geometrical parameters, such as the periodicity, metal thickness, inter-hole distance and 
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diameter of the central hole. The structure was examined for use as a biosensor by providing 

the bulk sensitivity, surface sensitivity and FOM values for the Fano resonances. The highest 

bulk ( 400 nm/RIU) and surface (2 nm/nm) sensitivities were obtained for LSPP Fano 

resonances, while the highest FoM (24.5 RIU−1) belonged to the WA-SPPs Fano resonance.  

 

List of articles published in refereed journals throughout this PhD are listed below: 

• J. Yuan, A. Hajebifard, C. George, P. Berini, and S. Zou, "Ordered gold nanoparticle 

arrays on glass and their characterization," Journal of Colloid and Interface Science, vol. 

410, pp. 1-10, Nov 15 2013, doi: 10.1016/j.jcis.2013.07.070. 

 

• Hajebifard and P. Berini, "Plasmonic Fano interference produced by gold nano-disks on a 

dielectric Bragg stack," Journal of Applied Physics, vol. 118, no. 9, Sep 7 2015, Art no. 

093107, doi: 10.1063/1.4930090. 

 

• A. Hajebifard and P. Berini, "Fano resonances in plasmonic heptamer nanohole arrays," 

Optics Express, vol. 25, no. 16, pp. 18566-18580, Aug 2017, doi: 10.1364/oe.25.018566. 

 

• C. Hahn, A. Hajebifard, and P. Berini, "Helium focused ion beam direct milling of 

plasmonic heptamer-arranged nanohole arrays," Nanophotonics, vol. 9, no. 2, pp. 393-

399, Feb 2020, doi: 10.1515/nanoph-2019-0385. 

 

• A. Hajebifard, C. Hahn, H. Suleman, Pierre Berini, "Optical response and Fano 

resonances in arrays of plasmonic heptamer-arranged nanoholes", to be submitted for 

publication.  

 

List of articles published in refereed conferences throughout this PhD are listed below: 

• A. Hajebifard, P. Berini, "Triple Fano resonances in plasmonic heptamer nanohole 

arrays: Symmetric and asymmetric structures," 2018 International Applied 

Computational Electromagnetics Society Symposium (Aces), China,  2018 2018. 

 

• A. Hajebifard, P. Berini, and Ieee, "Fano resonances in gold heptamer nano-hole arrays," 

2017 Photonics North, Ottawa, Canada, 2017 2017. 
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• A. Hajebifard, J. Yuan, S. Zou, and P. Berini, "Analysis of Localized Surface Plasmon 

Resonance in Glass-supported Gold Nanoparticles with a Hexagonal Pattern," in 

Photonics North Conference, Ottawa, CANADA, 2013 

 

B. Future work  

Further exploration of the structures discussed in this thesis would be warranted, as 

summarized below. 

• Gold HNH array on the tip of a photonic crystal fibre 

Due to its unique geometrical structure, photonic crystal fibres (PCFs) exhibit unique 

characteristics and capabilities making them potentially interesting for sensing applications. A 

PCF is usually made of a single material and characterized by a solid core surrounded by a 

microscopic air hole cladding running along the entire length of the fibre. Optical fibre-based 

sensors are attractive, due to their compact nature, flexibility in their design, network 

compatibility, and also the ability for remote and in situ measurements. To take advantage of 

the unique characteristics and capabilities of PCFs, we proposed fabricating an array of HNH 

on a thin gold film deposited on the tip of a PCF, to be structured as a nanoplasmonic sensor. 

This structure has been already fabricated and tested. The helium focused ion beam (He FIB) 

system (Zeiss Orion NanoFab) was used to directly mill through a 60 nm thick gold film on the 

tip of the fibre, to form high-quality arrays of 20×20 HNHs (spanning an area of about 1010 

m2). The supercontinuum laser operating over the wavelength range of 390-2400 nm was 

used as the light source. A 40 objective was used to lunch incident light into the other facet of 

the PCF fibre. After travelling along the fibre, the light exits from the metallic HNH written on 

the other tip of the PCF. A 20 objective was used to couple the output light into an optical 

fibre connected to the Optical spectrometer for analysis. So, the optical transmittance of the 

array covered sequentially with different fluids of refractive index ns = 1.3, 1.35 or 1.40 were 

measured. Using those data, the sensitivity of Fano resonances to the refractive index 

variations of the surrounding medium can be calculated. These results will be prepared as a 

manuscript for publication (outside the scope of this thesis). Subsequent work would explore 

the use of such fibres in biosensing applications incolving complex fluids (e.g., blood, urine). 
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• Gold HNH array for Surface-enhanced Raman applications 

Surface-enhanced Raman scattering (SERS) is an optical spectroscopy technique, in which the 

localized surface plasmon facilitates the field enhancement mechanism of SERS. Raman 

scattering is a weak phenomenon because Raman scattering cross-sections are typically very 

small compared to the cross-section of other optical processes, such as fluorescence. This 

limits the usage of Raman scattering in applications. This problem can be overcome through 

surface-enhanced Raman scattering (SERS), in which the Raman signal is enhanced by 

locating the molecules on the "hot spots" of plasmonic nanostructures. A variety of plasmonic 

geometries have been designed to improve the capabilities of SERS. We are expecting that the 

gold HNH array structure can be used as a promising platform for SERS applications. Exciting 

electromagnetic hot spots associated with various Fano resonances in the metal surface can 

facilitate ultra-sensitive, subwavelength SERS detection. Numerical studies have been 

performed to characterize the HNH array for SERS applications. Based on the calculations, 

some designs with specific geometrical parameters have been proposed and fabricated using 

FIB milling technique.  Next steps involve performing a set of measurement to examine 

experimentally the SERS performance of the structure.   
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