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ABSTRACT 

A metasurface is a quasi-two-dimensional micro-nano structure with subwavelength scale 

thickness. Owing to their compactness and the ability to integrate multiple functions, 

metasurfaces are seen as an excellent platform for optical field manipulation and photon-

related experiments. In this thesis the focus of the research is the emerging concept of non-

local resonant metasurfaces. Appearing in array form, they demonstrate narrowband 

wavelength-selective control of the optical field through collective non-local resonant 

modes. Two important parameters are spectral and polarisation control, and these are the 

main topics of study in the thesis. The ability to manipulate the spectral and polarisation 

selective properties of metasurfaces has applications in sensing and several novel devices in 

the visible and infrared wavelength range are proposed and demonstrated. 

In the visible spectral range, a novel plasmonic metasurface filter with a periodic dimeric-

aperture hole structure on a metal film is proposed. It integrates colour-dependent filtering 

and polarisation-dependent transmission, enabling two functions simultaneously. 

Simulations show that the structure has improved transmittance compared to a conventional 

monomeric-aperture structure, exceeding 30% in the blue, green, and red channels, and 

achieves an orthogonal polarisation extinction ratio greater than 1000. Fabricated devices 

made by electron-beam lithography and dry etching exhibited approximately 30% 

transmittance in red, green and blue channels, a filtering linewidth of about 100 nm, and an 

average polarisation extinction ratio exceeding 20. A polarisation–colour palette was made 

to observe simultaneous modulation of colour and polarisation, and a colour-gamut diagram 

was plotted to show vivid colours with more than 76% sRGB coverage. The simultaneous 

colour–polarisation modulation was further applied to polarisation-dependent encrypted 

displays and the reproduction of micro-structured artwork. 

In the infrared spectral range, a novel narrowband filter based on quasi–bound states in the 

continuum (q-BIC) is proposed. The device is composed of periodic nano-disks with off-

centre holes along orthogonal axes to realise dual symmetry-breaking perturbations. The 

device therefore enables resonance-related linear-to-linear cross-polarisation coupling. 

Unidirectional transmission enhancement is achieved by tuning the coupling between 

eigenmodes through adjusting the size of the holes, showing a transmission exceeding the 

theoretical limit value of 25% derived from temporal coupled mode theory for single-layer, 

single-excitation metasurface. By extracting the cross-polarisation transmission channel, 

narrowband filtering is realised in transmission mode. Multipolar decomposition and mode-
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coupling related simulations explained the operating mechanism of the device. Devices 

fabricated using electron-beam lithography and dry-etching processes showed 30 % cross-

polarisation conversion efficiency in Fourier-transform infrared microscope measurements. 

The experiments also exhibited a resonance linewidth of less than 60 nm at centre 

wavelength around 3500nm, corresponding to a quality-factor (Q) of approximately 60, 

which is an order of magnitude higher than previous experimental reports of free-space 

infrared filters based on plasmonic structures. The fabricated device was further applied to 

the reconstruction of infrared gas spectra. Experiments demonstrated real-time, in situ, 

spectral reconstruction of the semi-quantitative infrared absorption spectrum of butane gas, 

showing good agreement with the NIST ground-truth dataset. 

A novel flat-band q-BIC metasurface working in the infrared spectral range is also proposed. 

High Q resonances are often accompanied by high sensitivity to the incident angle that is a 

limitation of non-local metasurfaces. In this study, band-structure engineering has been 

demonstrated through simulations. Using Brillouin-zone folding and symmetry breaking, 

strong coupling can be achieved between two modes that are not previously coupled because 

of a symmetry mismatch. The anti-crossing of the bands, because of the strong-coupling 

effect, adjusts the line shape of the band on which the mode lies in momentum space, thereby 

realising band-structure control hence exhibits a flat-band characteristic within an incident-

angle range of approximately 15°. This new result presents opportunities for future 

experimental studies. 
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ABSTRACT 

A metasurface is a quasi-two-dimensional micro-nano structure with subwavelength scale 

thickness. Owing to their compactness and the ability to integrate multiple functions, 

metasurfaces are seen as an excellent platform for optical field manipulation and photon-

related experiments. In this thesis the focus of the research is the emerging concept of non-

local resonant metasurfaces. Appearing in array form, they demonstrate narrowband 

wavelength-selective control of the optical field through collective non-local resonant modes. 

Two important parameters are spectral and polarisation control, and these are the main topics 

of study in the thesis. The ability to manipulate the spectral and polarisation selective 

properties of metasurfaces has applications in sensing and several novel devices in the visible 

and infrared wavelength range are proposed and demonstrated. 

In the visible spectral range, a novel plasmonic metasurface filter with a periodic dimeric-

aperture hole structure on a metal film is proposed. It integrates colour-dependent filtering 

and polarisation-dependent transmission, enabling two functions simultaneously. 

Simulations show that the structure has improved transmittance compared to a conventional 

monomeric-aperture structure, exceeding 30% in the blue, green, and red channels, and 

achieves an orthogonal polarisation extinction ratio greater than 1000. Fabricated devices 

made by electron-beam lithography and dry etching exhibited approximately 30% 

transmittance in red, green and blue channels, a filtering linewidth of about 100 nm, and an 

average polarisation extinction ratio exceeding 20. A polarisation–colour palette was made 

to observe simultaneous modulation of colour and polarisation, and a colour-gamut diagram 

was plotted to show vivid colours with more than 76% sRGB coverage. The simultaneous 

colour–polarisation modulation was further applied to polarisation-dependent encrypted 

displays and the reproduction of micro-structured artwork. 

In the infrared spectral range, a novel narrowband filter based on quasi–bound states in the 

continuum (q-BIC) is proposed. The device is composed of periodic nano-disks with off-

centre holes along orthogonal axes to realise dual symmetry-breaking perturbations. The 

device therefore enables resonance-related linear-to-linear cross-polarisation coupling. 

Unidirectional transmission enhancement is achieved by tuning the coupling between 

eigenmodes through adjusting the size of the holes, showing a transmission exceeding the 

theoretical limit value of 25% derived from temporal coupled mode theory for single-layer, 

single-excitation metasurface. By extracting the cross-polarisation transmission channel, 
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narrowband filtering is realised in transmission mode. Multipolar decomposition and mode-

coupling related simulations explained the operating mechanism of the device. Devices 

fabricated using electron-beam lithography and dry-etching processes showed 30 % cross-

polarisation conversion efficiency in Fourier-transform infrared microscope measurements. 

The experiments also exhibited a resonance linewidth of less than 60 nm, corresponding to 

a quality-factor (Q) of approximately 60, which is an order of magnitude higher than 

previous experimental reports of free-space infrared filters based on plasmonic structures. 

The fabricated device was further applied to the reconstruction of infrared gas spectra. 

Experiments demonstrated real-time, in situ, spectral reconstruction of the semi-quantitative 

infrared absorption spectrum of butane gas, showing good agreement with the NIST ground-

truth dataset. 

A novel flat-band q-BIC metasurface working in the infrared spectral range is also proposed. 

High Q resonances are often accompanied by high sensitivity to the incident angle that is a 

limitation of non-local metasurfaces. In this study, band-structure engineering has been 

demonstrated through simulations. Using Brillouin-zone folding and symmetry breaking, 

strong coupling can be achieved between two modes that are not previously coupled because 

of a symmetry mismatch. The anti-crossing of the bands, because of the strong-coupling 

effect, adjusts the line shape of the band on which the mode lies in momentum space, thereby 

realising band-structure control hence exhibits a flat-band characteristic within an incident-

angle range of approximately 15°. This new result presents opportunities for future 

experimental studies. 
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Chapter 1 Introduction and Motivation 
Outline: 

In this chapter, the outline of the thesis will be described. The underpinning concepts will be 

explained, especially the non-local resonant metasurfaces will be analysed and introduced, 

including the basic concept of metasurfaces (Section 1), the distinction between non-local 

and local metasurfaces (Section 1), and the types of resonances supported by non-local 

resonant metasurfaces involved in this research (Sections 2 and 3). Finally, the overall 

framework of this research will be presented in Section 4. 

1.1 Introduction to Metasurfaces 

Electromagnetic (EM) waves of different wavelengths may be one of the most important 

concepts from the physical world in modern life. We use radio-frequency electromagnetic 

signals to connect to the internet and make phone calls; we rely on the visible-light signals 

(that is, electromagnetic waves) received by our eyes to perceive the world; we heat food 

with microwaves; and we reconstruct the internal structure of the human body using X-rays. 

In this sense, EM waves are an objective reality, like water and fire. Likewise, just as humans 

have long sought ways to control water with pumps or fire with torches, their efforts to 

manipulate electromagnetic waves have a long history. Curtains can block light, which is 

fundamentally an example of amplitude modulation of light; The invention of spectacles can 

be traced back several centuries ago[1], where variations in lens thickness alter the phase 

distribution of the light wave, enabling a range of functions such as focusing and divergence 

of the light. 

In the early 21st century, with advances in nanofabrication, many methods for controlling the 

EM wavefront at the micro- and nanoscale became feasible. One particularly prominent 

approach is so-called metamaterials[2-4]. Electromagnetic metamaterials generally refer to 

artificial materials with features at the subwavelength scale or comparable to the wavelength; 

these precise structures can influence many properties of EM waves. Beyond compactness 

and flexible control of different aspects of EM waves, they can also theoretically realise 

functionalities unattainable in bulk materials, such as the negative refractive index proposed 

by Professor John Pendry[5]. However, the fabrication of three-dimensional metamaterials 

remains challenging at present[6], and attention has therefore shifted to a two-dimensional 

form of metamaterials: metasurfaces. 
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The concept of metasurfaces originates from metamaterials [7], referring primarily to 

artificially engineered quasi-two-dimensional micro- and nano-scale subwavelength 

structures. These subwavelength structures enable the manipulation of electromagnetic 

wavefronts, including control over polarisation, amplitude, phase, and spin[8-14]. In this 

context, quasi-two-dimensional refers to the fact that the height of the micro or nano-scale 

structures is on a comparable scale to the wavelength. These compact yet highly versatile 

tools for controlling EM wavefronts have enabled many breakthroughs in portable devices 

compared with refractive lenses. Examples include ultra-compact, high-efficiency camera 

routing layers integrated into smartphone systems, or components that help generate 

structured light for facial recognition [15-17]; as well as metasurface-based waveguides and 

routing elements for AR near-eye displays[18, 19], and so on.  

Wavefront control in metasurfaces mainly arises from the interaction between light and the 

nanostructures. From the perspective of material choice of the nanostructure, metasurfaces 

can be categorised as metallic (plasmonic), dielectric, or hybrid metasurfaces. These 

correspond to meta-atoms that are primarily metallic, entirely dielectric, or based on 

combined metal–dielectric structures, respectively, and each offers advantages in different 

application domains. Generally speaking, metallic metasurfaces more readily exhibit strong 

field confinement, enabling near-field electromagnetic hotspots, and can achieve 

pronounced resonant behaviour with relatively small thickness. Metallic electromagnetic 

metasurfaces are particularly attractive in the terahertz and microwave regimes, but in the 

visible and infrared bands their performance is constrained by ohmic loss. In addition, many 

metals are not compatible with standard CMOS etching processes. Therefore, for visible and 

infrared operation, designs must explicitly account for the impact of ohmic loss on device 

performance, as well as the overall complexity of the fabrication process. On the other hand, 

dielectric materials typically have negligible ohmic loss, allowing higher efficiency in 

transmission. As a result, they can also realise resonance-independent phase control through 

high–aspect-ratio designs. Moreover, the etching processes for many common dielectric 

materials—such as silicon, silicon nitride, aluminium oxide, and titanium dioxide—are well 

established and compatible with modern CMOS fabrication workflow. However, as 

dielectrics, their ability to manipulate optical fields is comparatively less-efficient, often 

requiring greater optical thickness. This, in turn, can reduce device mechanical robustness 

and make it harder to maintain precise structural fidelity. Hybrid metasurfaces sit between 

these two extremes; well-known systems such as metal–insulator–metal (MIM) and gap-

plasmon structures are also frequently used in specialised metasurface designs[4, 20, 21]. 
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Figure 1-1 Comparison between local and non-local metasurfaces in real space and momentum space. (a) & 

(b) Illustration of the response function 풉(풙, 풙′) of local and non-local metasurface in real space. (c) & (d) 

Illustration of the response function 푯(풌풙) of the two in momentum space 

From the perspective of how light is manipulated, metasurfaces can be broadly categorised 

into two types[22]: (1) Local devices, which manipulate light using individual scatterers. (2) 

Non-local devices, whose responses originate from interactions among all neighbouring 

elements. Local metasurfaces typically shape the wavefront over a broad bandwidth by 

arranging meta-atoms on a surface while neglecting nearest-neighbour interactions. In 

contrast, non-local metasurfaces manipulate the spectrum by exploiting modes supported by 

the collective behaviour of many identical, adjacent meta-units. A schematic comparison of 

the two is shown in Figure 1-1. In a local metasurface, the optical response at each output 

point depends only on the input field at the same spatial location, resulting in a delta-

function-like spatial impulse response ). In contrast, a non-local metasurface exhibits 

spatial coupling of many neighbouring elements, where the output at a point depends on a 

broader region of the input, characterised by a non-local spatial response function. The red 

spot in (a) and (b) represents the electric magnetic mode distribution. As shown in Figure 1-

1 (c) and (d), In momentum space, a local metasurface corresponds to a flat transfer function 
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풙 , implying angle-independent behaviour. A non-local metasurface typically enables 

non-flat responses across transverse momentum components, resulting in a non-uniform 

풙 , which corresponds to angular dispersion. 

A typical example of a local metasurface is the phase gradient metasurface, which deflects 

incident light into a desired diffraction order. The concept of achieving an artificially 

designed space-variant phase response through micro/nanostructures was widely proposed 

as early as the 20th century [23-27]. The control of the phase response can be various, such as 

Pancharatnam-Berry phase and propagation phase. Pancharatnam has showed that a cyclic 

change in the state of polarisation of the light is associated by a phase shift determined by 

the geometry of the cycle as represented on the Poincaré sphere[23, 28]. Space-variant 

polarisation-state manipulations are therefore accompanied by a phase modification that 

results from the Pancharatnam–Berry phase (PB-phase), which is also referred to as 

geometry phase. The propagation phase, on the other hand, relies on the variant meta-atom 

shape dependent phase retardations. These concepts can be found in early studies of 

nanophotonic systems such as diffractive optics and binary gratings[25-27, 29]. In recent years, 

in 2011, Yu et al. formally introduced the generalised Snell’s law, an extension of traditional 

Snell’s law, highlighting the role of phase gradients once again[30]. Recent advancements 

have enabled multifunctional local metasurfaces, such as broadband achromatic focusing[11, 

12], polarisation control[31], and wavelength selective colour routers[32]. However, these 

devices generally suffer from limited spectral control: because the optical interaction with 

the meta-atoms is confined to deeply subwavelength structures, they typically exhibit 

broadband behaviour without distinct spectral features. As a result, for applications such as 

spectral sensing, local metasurfaces often lack sufficient design flexibility.  

In contrast, non-local metasurfaces, which support collective resonant modes such as 

plasmonic resonances[33], guided mode resonances[34, 35], and bound states in the continuum 

(BICs)[36-38], can exhibit sharp, even ultra-narrow spectral features. These properties make 

them highly suitable for applications in free-space optical filtering, on-resonance sensing, 

and nonlinear signal enhancement[34, 39-44]. Such non-local metasurfaces that support these 

resonant modes are also referred as resonant non-local metasurfaces[22], highlighting the fact 

that supporting collective resonance is the key characteristic of this category. The emergence 

of such collective resonant modes can be achieved either by reducing the spacing between 

meta-atoms to induce near-field coupling, or by increasing the array period to introduce 

spatially extended modes[45], allowing electromagnetic waves to propagate in-plane. In 
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addition to in-plane geometrical parameters and periodicity, the height of the meta-atoms is 

also a key parameter that strongly influences nonlocality. Taking plasmonic metasurfaces as 

an example[46], substantial scaling of the height can lead to a pronounced transition between 

localised surface plasmon resonances (LSPRs) and surface plasmon polaritons (SPPs). Taller 

meta-atoms tend to correspond to more localised fields (manifested as spatial electric-field 

hotspots) and lower Q factors. It is worth noting that even meta-atoms that exhibit local 

metasurface behaviour within a certain spectral band (i.e., spatially independent 

phase/polarisation control) may still excite collective resonances at specific wavelengths[47]. 

This study focuses on structures that are unresponsive to external excitation over a certain 

band yet support collective resonances only at particular wavelengths. 

Table 1-1 summarise the general differences between nonlocal and local metasurfaces in 

terms of typical geometries and properties[47-51]. 

Table 1-1-1 Comparison between non-local metasurface and local metasurface 

 Non-local Local 

Height  Normally small (< ) Normally large (> ) 

Period Normally smaller or comparable to 

diffraction limit ( ) 

Normally smaller Nyquist 

sampling but not too small 

to avoid near-field coupling 

Fill factor Normally big (meta-atoms or holes 

not too small compared to period) 

Depend on phase 

modulation requirements 

Q-factor Large (>100) Small (<10) 

 

Together, these geometrical parameters determine whether nonlocal modes can be supported, 

and whether high-Q resonances can be achieved. Thanks to the resonance effects, non-local 

metasurfaces can achieve extremely narrowband filtering and enable wavelength-selective 

polarisation conversion, phase modulation, and other forms of multi-dimensional, 

narrowband wavefront control.  

It is worth noting that, compared with more matured techniques used in modern display and 

camera systems, such as dye-based filter and multi-layer thin-film optics, filters based on 

such planar structures offer significant advantages in both form factor and fabrication 

workflow[52-54]. More importantly, these structures have the potential to integrate multiple 

modulation functions beyond spectral filtering[55-58], while still maintaining a compact 
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footprint—capabilities that are difficult to realise with optical thin films. Correspondingly, 

this thesis demonstrated the integration of spectral filtering and polarisation modulation. 

Beside the mentioned advantages, nonlocal metasurface-based filters inherently suffer from 

angular dispersion with respect to the angle of incidence[51]. In particular, the resonance 

wavelength associated with grating diffraction is especially sensitive to incident angle. This 

can, however, be a distinctive advantage in applications where enhanced angular dispersion 

is desirable (for example, edge detection[59-63]), but it is undesirable in more conventional 

scenarios such as hyperspectral imaging and the use of focused EM waves to strengthen 

light–matter interactions. In such cases, special management of the angle of incidence is 

required—namely, band-structure engineering of the resonant eigen-frequency. In this thesis, 

an example of band-structure engineering in nonlocal metasurfaces enabled by strong 

intermodal coupling has been demonstrated. Studies have also shown that such strong-

coupling approach to band engineering can, in essence, be applied to reduce the angle 

sensitivity of thin films as well[64]. 

To highlight the contrast between nonlocal metasurface filters and thin-film optics, the 

differences in their respective properties are summarised below in the table below. 

Table 1-2 Comparison between non-local (NL) metasurface based free-space optical filter and thin-film based 

optical filter  

 NL-Metasurface Thin film (TF) Additional Notes 

Size Thin (~  level) 

Flat optics 

Thin (~ level) 

Multi-layer optics 

TF requires 

multiple stacked 

layers of high/low 

refractive index 

with precisely 

controlled 

thickness 

Weight Small Larger 

Power Passive device Passive device 

Manufacturing 

Cost 

Low 

Can be compatible with 

CMOS techniques and 

nano-imprinting 

techniques. Can be made 

with only single time 

lithography/deposition for 

different filtering 

wavelengths 

High 

Requires multiple times 

lithography/deposition 

for different filtering 

wavelengths 
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This thesis focuses primarily on two types of resonant modes that could help with narrow 

band filtering: plasmonic resonances and BICs.  In nonlocal metasurfaces, plasmonic 

resonance typically refers to a propagating collective plasmonic mode—namely surface 

plasmon polariton (SPP)—in which the electromagnetic wave couples between unit cells 

and propagates in-plane. In momentum space, an SPP mode lies outside the light cone (i.e., 

it is phase-mismatched to free-space radiation), so it cannot be directly excited from the far 

field unless additional in-plane momentum is provided, for example via a grating that 

supplies an extra transverse wavevector component[65]. Bound state in the continuum (BIC) 

is likewise inaccessible to direct far-field excitation; however, it is distinctive in that it 

resides within the radiative continuum (inside the light cone) in momentum space yet 

remains non-radiative due to symmetry protection and/or destructive interference between 

radiation channels. Only when geometrical symmetry of the metasurface atoms is broken, or 

when other geometrical parameters are tuned such that the ideal BIC evolves into a quasi-

BIC (see Section 1.3), can it couple to external illumination and become excitable. Both 

plasmonic resonances and BICs exhibit sensitive spectral responses. For plasmonic 

resonances, the feature stems from the strong frequency dependence of the additional grating 

momentum required for phase matching; for BICs, it arises because the characteristic 

frequency is highly sensitive to structural geometrical parameters. In this research, these 

features of plasmonic resonances and quasi-BICs will be exploited to design a new class of 

optical filters. 

 

1.2 Plasmonic resonance 

Plasmonic resonance refers to a type of resonance phenomenon that arises from strong 

interactions between light and the collective free electron fluctuation on a metal surface[33, 

46, 66-69]. This resonance typically occurs in nanostructures located at the interface between a 

metal and a dielectric (such as air or glass) and is characterised by significant enhancement 

of the electromagnetic field at specific frequencies. In the case of non-local plasmonic 

resonance, the core physical mechanism lies in the excitation of surface plasmon polaritons 

(SPPs)[70-74]. SPPs are electromagnetic waves that propagate along the interface between a 

metal and a dielectric, originating from the coupling between incident light and the collective 

oscillation of free electrons in the metal. 
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Surface plasmon polaritons are a coupled mode of electromagnetic waves and collective 

oscillations of free electrons in a metal, confined strictly to the two-dimensional interface 

between a metal and a dielectric (such as air or glass). They can only be excited by transverse 

magnetic (TM) polarised light, and their field decays exponentially perpendicular to the 

interface. The propagation constant (wavevector) of the SPP, denoted SPP , satisfies the 

following dispersion relation[70, 73]: 

��� �
� �

� �
 

Where: 

 �
��
�

 refers to the wavevector in free space 

 �：the complex permittivity of the metal 

 �：the complex permittivity of the dielectric 

This expression indicates that SPPs are not free-space waves; their wavevector is larger than 

that of light in free space at the same frequency. As a result, they cannot be excited directly 

by plane waves. Extra wavevector should be provided to satisfy momentum matching 

condition. When incident light satisfies the momentum matching condition through a 

coupling mechanism (such as a metallic grating, nanostructures, or prism coupling), that is: 

∥
inc

���

where  is the reciprocal lattice vector provided by the periodic structure, strong resonance 

absorption or transmission occurs at a specific wavelength. This is known as plasmonic 

resonance, corresponding to the most efficient excitation of SPPs and accompanied by 

intense electromagnetic field enhancement.  

Plasmonic devices using noble metals like gold and silver have been extensively reported in 

the visible and near-infrared spectral bands due to their relatively low Ohmic losses[75-77]. 

However, gold suffers from interband transitions that impair colour performance below 

500 nm (i.e. in the blue region), and silver is susceptible to surface sulphidation. Additionally, 

neither material is CMOS-compatible[78], limiting their utility in mainstream imaging system 

at the Back-of-End-of-the-Line level. By contrast, aluminium offers clear processing 

advantages: its etching commonly relies on chlorine-based chemistries that are well 



28 

 

established in semiconductor manufacturing, and aluminium generally provides more 

favourable deposition and adhesion behaviour. This makes it particularly attractive for 

integration with silicon-based detectors. As a result, aluminium-based plasmonic filters—

offering low cost and ease of manufacturing—have attracted ongoing interest[33, 54, 79, 80]. 

Here, a comparison between Al and the commonly used noble metals Ag/Au is summarised 

in Table 1-3.  

Table 1-3 Comparison among Aluminium, silver and gold for plasmonic filters. 

 Al (Aluminium) Ag (Silver) Au (Gold) 

Ohmic Loss High Low Medium 

Chemical Stability Stable with surface 

oxidation 

Surface 

sulphidation 

Stable 

CMOS 

Compatibility 

Good Bad Bad 

Price Low High High 

Risk surface roughness 

scattering 

Instable, requires 

specific protection 

Interband transition 

at blue wavelengths 

 

1.3 Bound States in the Continuum 

In classical mechanics, an electron with sufficient kinetic energy is expected to escape its 

atomic system, entering the continuum of scattering states. However, experiments have 

shown that some high-energy electrons remain trapped within the system and do not escape 

the surrounding potential. This seemingly strange behaviour is explained by quantum 

mechanics. In 1929, John von Neumann and Eugene Wigner introduced the concept of 

Bound States in the Continuum (BIC) to describe such states[81, 82]. Since then, analogous 

phenomena have been observed across many systems that contains wave. 

In optics, BICs have been widely studied in photonic platforms such as waveguides, photonic 

crystals, optical fibres, and metasurfaces[41, 82-86]. Conventionally, electromagnetic 

eigenmodes within the radiation continuum should radiate energy, while bound states should 

lie below the continuum. BICs challenge this view by existing within the radiation 

continuum yet remaining fully localised and non-radiative. Although their frequencies and 

momentum may match those of radiative modes in free space, BICs do not couple to the far 
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field[82]. In practice, perfect BICs cannot be realised or observed due to the complete 

decoupling with exciting light. Instead, quasi-BICs are more often manipulated, which 

exhibit weak coupling to the far field and small radiative leakage[38, 41, 83, 87]. By tuning 

parameters such as geometry, size, periodicity, or excitation wavevector, one can adjust the 

system to weakly couple a BIC to the environment, giving rise to quasi-BICs. These modes 

allow for precise control over radiation losses via interference between resonant pathways. 

Consider a periodic dielectric slab in vacuum. The wavevector   of a radiative 

electromagnetic wave can be decomposed into vertical � and in-plane ∥ components. The 

wave's frequency satisfies ∥ , meaning the radiation continuum occupies the 

region ∥   in the frequency-momentum domain (  space). Such region in the 

 space is also known as the light cone. Below this region lie discrete bound modes, 

determined by the eigenfrequencies of Maxwell’s equations. Contrary to traditional 

assumptions, BICs stay inside the light cone but remain completely bound, with no energy 

leakage. This is illustrated schematically in Figure 1-2(a). 

There are two main types of BICs: 

1. Symmetry-protected BICs[88]: These arise when the structure possesses � (or multi-

fold) symmetry, allowing certain even-symmetry resonant modes to become 

orthogonal to odd-symmetry radiative modes, thus decoupling from the far field. 

Breaking the symmetry causes the BIC to couple and radiate, turning into a quasi-

BIC. Symmetry-protected BIC (green dot in Figure 1-2 (a)) occurs at the high-

symmetry  point because of mode symmetry mismatch with radiative channels.  

2. Interference-induced BICs[89]: These BICs result from destructive interference 

between different resonant modes (e.g., Fabry–Pérot or Friedrich–Wintgen types) or 

between different components of the same mode. Adjusting structural parameters 

tunes the interference and thus the degree of radiative leakage, producing quasi-BICs 

when interference is incomplete. Because BICs are highly sensitive to structural 

conditions, they are often referred to as accidental BICs. Accidental BICs (red dots 

in Figure 1-2 (a)) arise away from , where destructive interference of radiation leads 

to complete decoupling from free-space modes. 
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Figure 1-2 Bound States in the Continuum (BICs) in Photonic Systems. (a) Photonic band structure illustrating 

BICs in the continuum above the light cone. (b) Schematic illustration of the formation mechanisms of BICs 

from far-field multipolar analysis view. Top: In symmetry-protected BICs, any leakage of energy is forbidden 

in the normal direction if all the multipoles are not allowed to radiate along the z-axis, leading to a symmetry-

protected BIC at the Г  point in the momentum space. Bottom: In accidental BICs, asymmetric mode 

components interfere destructively at specific in-plane wavevectors 퐤ퟏ, suppressing radiation without relying 

on symmetry. 

Symmetry-protected BICs are typically located at the centre of the first Brillouin zone in 

momentum space, i.e. the  point, and are ensured by the structural symmetry[88]. This type 

of BIC has been extensively studied in structures with in-plane geometry symmetry. Taking 

SP-BICs as an example to explain the formation of BICs, when the plane waves in free space 

are odd under a 180° ( ) rotation around the z-axis (normal to metasurface plane), any eigen 

mode supported by the structure that is even symmetric under this operation is orthogonal to 

the radiation continuum. As a result, these modes cannot couple to free-space radiation and 

form BICs. However, when moving away from the  point, at least one component of the 

in-plane wavevector (either � or �) becomes non-zero. In this case, the  -rotation 

symmetry operation no longer preserves the in-plane wavevector, and the symmetry 

protection is broken. Consequently, the previously bound state begins to couple weakly to 

radiative modes, giving rise to a quasi-BIC with finite radiation leakage. 

Here, a brief comparison among plasmonic resonances spanning the transition from local to 

nonlocal behaviour, and all-dielectric nonlocal quasi-BIC (q-BIC) modes is provided in 

Figure 1-3. A defining feature of local metasurfaces is that the sampling points (meta-units) 

can be treated as approximately spatially independent in shaping the wavefront. 

Consequently, both metallic metasurfaces based on localised surface plasmon resonances 
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(LSPRs) and dielectric metasurfaces based on local Mie resonances are well suited to 

Huygens metasurfaces and metalenses. A clear signature of modal localisation is weak 

sensitivity to the angle of incidence; correspondingly, such resonances typically exhibit 

relatively low Q factors. A SPP can be viewed as a propagating counterpart of an LSPR—

i.e., a collective mode that still retains some LSPR-like characteristics. As a result, its angle 

sensitivity and Q factor generally lie between those of local resonances and q-BICs. Notably, 

even for arrays as small as only a few unit cells, SPP-type modes can still produce 

appreciable spectral modulation. By contrast, ultra-high-Q quasi-BIC modes operate on a 

completely different Q-factor scale and exhibit the strongest angle sensitivity among the 

three. This is a general characteristic of nonlocal states: changes in the in-plane wavevector 

directly modify the eigenmode wavelength and field profile, leading to resonance shifts and 

a reduction in Q factor. When low angular dispersion and localised wavefront control are 

required, q-BIC metasurfaces are therefore often not an ideal choice—for instance in 

metalenses and many nonlinear-optical implementations. Conversely, when very high-Q 

wavefront control is needed, local resonances often struggle to meet the requirement. 

Based on the comparison and discussion above, a key question that has gained traction in 

recent years is whether the angular dispersion of q-BIC metasurfaces can be suppressed—in 

terms of both the real and imaginary parts of the eigenfrequency. This topic will be 

introduced in Chapter 2 and explored in detail in Chapter 6 of this thesis. 

 

Figure 1-3 A general comparison among LSPR. SPP and Q-BIC. 
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1.4 Research outline 

The following chapters in this thesis will contain following contents: 

Chapter 2 provides a review and latest advances of the following areas: 

1. Recent advances and state-of-the-art developments in nonlocal resonant 

metasurfaces supporting plasmonic resonances for colour filtering and structural 

colour. 

2. The use of nonlocal resonant metasurfaces supporting BICs, with a particular focus 

on infrared sensing applications. 

3. The current research frontiers in angular dispersion control of nonlocal resonant 

metasurfaces. 

Chapter 3 introduces the main steps, tools, and methodologies involved in metasurface 

research, including numerical simulations, nanofabrication (in James Watt Nanofabrication 

Centre), and characterisation techniques. Special attention is given to the simulation 

principles and practical implementation of methods such as RCWA (Rigorous Coupled-

Wave Analysis), FDTD (Finite-Difference Time-Domain), and FEM (Finite Element 

Method), a comprehensive comparison is presented and can serve as a guidebook for future 

users entering the field. 

Chapter 4: The unique features of nonlocal resonant metasurfaces stem from the well-

defined spectral responses provided by resonance. In the visible range, a typical application 

of such responses is colour filtering and detection. Colour is one of the most vital channels 

through which humans and many animals perceive their environment. Our ability to segment 

objects within a scene heavily relies on colour information[90, 91]. Consequently, how to detect 

colour is of considerable importance. Modern optical detectors often employ a Bayer-type 

pixel arrangement, where each 2×2 group of subpixels is equipped with red, green, and blue 

(RGB) filters (typically in an RGBG configuration), enabling full-colour detection. Early 

implementations of colour filters were based on dyes[92]. While they provided good colour 

purity, they were often environmentally unfriendly and involved complex manufacturing 

processes with the increasing reducing pixel size. Visible-band colour filters based on 

nonlocal metasurfaces represent a more promising approach. These single-layer structures 

can be fabricated using scalable semiconductor processing techniques. Chapter 4 of this 

thesis shows the application of nonlocal plasmonic metasurfaces for colour filtering and 
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introduces a colour-polarisation filtering system capable of advanced, multidimensional 

detection of visible-light information. 

Chapter 5: Beyond the visible spectrum, infrared (IR) wavelengths form another critical 

window for information perception. The infrared region is broadly divided into near-, mid-, 

and far-infrared bands (NIR, MIR, and FIR). The mid-infrared (mid-IR) is the most 

significant for thermal imaging because it includes the atmospheric transparency windows 

(3–5 µm and 8–14 µm), where absorption by water vapour is minimal—ideal for passive IR 

imaging. More importantly, this region encompasses the fundamental absorption peaks of 

molecular vibrations, making it highly relevant for the specific identification of chemical 

substances[93-95]. IR filters targeting these characteristic absorption bands are therefore 

crucial. In recent years, nonlocal metasurfaces supporting quasi-BIC (Bound States in the 

Continuum) modes have been widely adopted for mid-IR spectral analysis[39, 43, 96]. Quasi-

BICs are high-Q resonant modes, enabling narrowband filtering with precise spectral 

selectivity. Additionally, their strong local field enhancement can facilitate strong coupling 

with vibrational modes or serve in nonlinear optical enhancement. Chapter 5 presents 

nonlocal metasurfaces for multispectral mid-IR filtering and proposes a quasi-BIC-based 

metasurface architecture operable in transmission mode. 

Chapter 6:  Nonlocal metasurfaces are periodic structures where inter-element coupling 

gives rise to collective modes. As shown in Figure 1-1, their spectral responses are typically 

highly angle-dependent, a phenomenon known as angular dispersion. In some cases, this can 

be harnessed for tuneable filtering by varying the angle of incidence[97]. However, for 

applications requiring enhanced fields at specific frequencies—such as focused light 

excitation—angular dispersion becomes a limiting and unwanted factor[36]. Varying angles 

lead to a spread in resonant frequencies, thereby broadening the spectral linewidth. Therefore, 

designing nonlocal metasurfaces with low angular dispersion within a finite angular range 

is of practical importance, particularly for applications involving strong coupling or focused 

illumination. Chapter 6 demonstrates such a flatband metasurface designed for on-

resonance mid-IR sensing, exhibiting engineered low angular dispersion within a defined 

incidence range. 

Chapter 7: Brief summary of completed work   
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Chapter 2 State of the Art of Non-local Resonant 

Metasurface 

2.1 Nonlocal resonant metasurfaces supporting 
plasmonic resonances for colour filtering 

 

In the field of nanophotonics, plasmonic metasurfaces have emerged as a transformative 

technology, enabling multidimensional control of light at the nanoscale [33, 68, 78, 80, 98-100]. 

These one- or two-dimensional arrays, composed of nanostructured metallic elements, 

exploit the unique optical properties of plasmonic materials such as noble metals (e.g., gold 

[Au] and silver [Ag]), as well as more cost-effective metals like aluminium (Al). Plasmonic 

metasurfaces can manipulate surface plasmon resonances (SPR) to achieve precise control 

over the phase, amplitude, and polarisation of light. This capability has paved the way for 

numerous applications, including beam deflection[101-103], metalenses[21, 104, 105], and 

holography[106-108]. A particularly compelling application is in the generation of structural 

colours, i.e., colour filtering[33, 68]. 

The use of metallic nanoparticles to produce vivid colours has a long history, dating back 

over 1,700 years to the famous Lycurgus Cup[109]. This phenomenon is primarily attributed 

to the surface plasmon resonance (SPR) effect. The localised resonant units, known as 

localised surface plasmon resonances (LSPR), exhibit strong field confinement and small 

mode volumes[110]. However, their ability to modulate the optical spectrum is generally 

limited, and the scattering intensity is often insufficient for clear observation under bright-

field reflection microscopy[111]. A representative study by Karthik Kumar et al. firstly placed 

nanoparticle resonators above a metallic back-reflector to enhance their scattering intensity, 

achieving pixel sizes with an ultra-high spatial resolution of 250 nm[111]. While this approach 

still relies mainly on LSPR effects and successfully produces observable colour modulation, 

it operates in a subtractive colour mode and suffers from the relatively broad spectral features 

of LSPR, resulting in a narrow colour gamut. By transitioning from localised to nonlocal 

resonant modes, however, plasmonic metasurfaces can significantly improve linewidth 

narrowing and modulation depth in the spectrum (i.e. absolute peak transmission or 

reflection), thereby achieving well-defined spectral responses and a much broader colour 

gamut[33, 80, 112, 113]. 
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Early studies predominantly focused on using nanohole arrays—structures supporting 

surface plasmon polariton (SPP) modes—for colour filtering. For instance, Chen et al. 

proposed a triangular periodic nanohole array that achieved RGB colour filtering with a peak 

transmission of approximately 30%[33]. This design incorporated a capping layer on the 

metallic nanohole film to retain symmetry between the top and bottom surfaces of the metal 

film, thereby enhancing the peak transmission, as illustrated in Figure 2-1 (a). Similar 

structures have also been explored for direct integration with CMOS chips[100, 114], 

demonstrating their potential for large-scale fabrication and commercialisation, as shown in 

Figure 2-1(b) / (c). 

The size of the nanoholes is directly related to transmission efficiency and arrays achieving 

peak transmissions exceeding 70% have been reported when linewidth narrowing is not a 

primary consideration, as shown in Figure 2-1(d)[54]. Owing to their operation in 

transmission mode and their exceptionally high peak transmittance, such structures have also 

been integrated with single-photon avalanche detectors (SPADs) for colour reconstruction 

in ultra-low level of light environments. Compared to subtractive colour filters based on 

LSPR, these SPP-based designs offer narrower spectral features, making it easier to produce 

colours perceptible to the naked eye. Nevertheless, their colour gamut remains relatively 

narrow, and their functionality is still limited to basic filtering.  

 

Figure 2-1 Periodic nanohole array plasmonic colour filters. (a) Tri-angular period of aluminium nanoholes, 

with 150nm of capping SiO2 layer on to the metal film. A clear transmission enhancement can be observed[33]. 
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(b) Plasmonic colour filter fabricated on CMOS pixels, forming spectral-sensitive CMOS sensors[100]. (c) 

Colour palette made of plasmonic filters, achieving wide range of colour tunning by varying the size and period 

of the hold array[114]. (d) Left-hand side showed the integrated SPAD array with plasmonic mosaic colour filter 

array on top. Right-hand side showed the SEM image and the characterised spectral response of the 470, 570, 

670nm centred filters, where a peak transmission larger than 70% was observed[54].  

More advanced applications exploiting additional dimensions of light beyond spectral 

features have been explored. For example, as shown in Figure 2-2 (a), the integration of 

visible-light colour filters with other electromagnetic bands, such as the infrared and 

terahertz regions[115-117] , enables multi-band filtering and advanced functionalities such as 

simultaneous visible-light and thermal radiation cloaking.  

 

 

Figure 2-2 Advanced applications with plasmonic filters. (a) Hybridisation of visible plasmonic filter and 

Terahertz electric ring resonator (ERR), enabling dual band of operation. Right-hand side showed the visible 

characterisation and THz FTIR characterisation result of the fabricated dual layer metasurface[117]. (b) Dual 

polarisation multiplexed plasmonic filters. (c) Anisotropy enabled different response of plasmonic filter. By 

changing the ratio between two side-length, different polarisation distinction ratios can be obtained. For highly 

anisotropic rectangular design, a polariser was made as shown in the upper right corner, while a polarisation 

insensitive colour filter was made as shown in the bottom right corner[118]. (d) Plasmonic modes enabled half-

wave plate for simultaneously-control of hue and colour [77].  
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In addition to spectral extension, the polarisation degree of freedom is also a key 

consideration in filter design. In 2017, Li et al. proposed a cross-shaped nanohole array, 

enabling spectral responses dependent on orthogonal linear polarisations, which could be 

used for polarisation-encoded micro/nano-images[119], as shown in Figure 2-2 (b) The layout 

on the left-hand side demonstrated the design of the cross-shaped hole in a unit cell. The 

short-arm (SA) direction and long-arm (LA) direction will support different plasmonic 

modes, and different colours were therefore made for x-polarised and y-polarised incidence 

light.  Similarly, other studies [79, 118] reported rectangular nanohole arrays with varying 

aspect ratios, demonstrating transitions from polarisation-independent to polarisation-

extinction behaviour, as shown in Figure 2-2 (c). However, these designs typically exhibited 

peak transmissions below 10%, due to the reduced fill factor of the holes when introducing 

polarisation selectivity, which inherently limits transmittance. A recent study [77] adopted a 

completely different strategy by using the anisotropy of periodic rectangular nanoholes. The 

device proposed introduced a 180° phase delay difference between the x- and y-polarised 

electric fields, effectively forming nano-hole-controlled half-wave plates with high spatial 

resolution. Using a cross-polarisation microscopy setup, the rotation of the rectangular 

nanoholes with respect to z axis enabled different intensities for orthogonal polarisation 

reflection peaks. Experiments demonstrated an orthogonal polarisation conversion 

efficiency exceeding 70%, achieving multiple functionalities including colour filtering, hue 

control, and polarisation encoding. Nevertheless, this device operates in reflection mode, 

and the correct rendering of colours relies on an optical setup with orthogonal polarisations. 

Figure 2-2 (d) demonstrates the cross-polarisation spectrum, and the colour palette showed 

the wide colour gamut supported by such a design. The performance was enabled by 

anisotropic phase and amplitude response of the rectangular hole towards the incident 

electric field. 
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Figure 2-3 Nonlocal metasurface and nanophotonic device for structural colour generation other than SPP 

modes. (a) A guided mode resonance type hybrid metal-dielectric filter[120]. (b) Full-colour coverage structural 

colour using TiO2 metasurface. The structure was designed to be TiO2 squares on sapphire substrate to enable 

polarisation insensitivity at normal incidence. Collective Mie resonance contributes to the spectral response[121]. 

(c) Si metasurface using Mie resonance for high-saturation, high resolution and CMOS-compatible structural 

colour generation. A PMMA or DMSO layer was applied on top of the silicon resonators to serve as a refractive 

index matching layer, effectively suppressing the resonances at unwanted bands. The device therefore showed 

enlarged colour gamut coverage, as shown in the bottom right area[122]. (d) Schrödinger’s red pixel (S-red) 

made of BIC metasurface. A dimer ellipse structure with tilted angle was made, to convert symmetry-protected 

BIC into quasi-BIC, leaking a sharp resonance with small radiative loss. Unlike conventional Mie-resonance 

type metasurface, such a design effectively suppressed the higher order resonance at shorter wavelengths for 

red pixel, making a purer red colour[123].  

In addition to the nonlocal modes dominated by SPPs in metallic nanohole arrays, there have 

also been many reports on hybrid metal-dielectric guided mode resonance (GMR) structures, 

narrow-linewidth Mie resonance-based all-dielectric metasurfaces, and high-quality-factor 

(high-Q) nonlocal modes such as those supporting BICs for colour filtering. In 2011, Alex 

F. Kaplan et al. proposed colour filters fabricated using nanoimprint lithography that support 

guided mode resonances[120]. As shown in Figure 2-3 (a), in their design, a thin buffer layer 

was adapted in between the gratings and the waveguide layer. The buffer layer, waveguide 

layer and the glass substrate formed a sandwiched structure with low-high-low refractive 

index distribution, forming a waveguide structure. The waveguide structure and the metallic 

gratings on top combined formed guide mode resonance, filtering specific colours. Their 

design successfully achieved narrow-linewidth filters with over 80% peak transmittance 
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under normal incidence, and by rationally tuning the buffer layer thickness, they realised 

multi-band filtering across the visible spectrum within the same overall thickness. However, 

GMR structures inherently involve guided modes with strong dispersion, making their 

colour filtering and display highly incident angle dependent, limiting their practical 

applications. 

More recently, the group led by S. Xiao et al. has proposed several designs for structural 

colours based on Mie resonances[112, 121, 122]. In these designs, the structural colour is 

achieved via collective Mie resonances in dielectric materials, offering advantages over 

plasmonic types such as lower radiative losses, narrower linewidths, and broader colour 

gamut coverage. In 2017 and 2020, they respectively demonstrated narrow-linewidth, wide-

gamut structural colours using silicon nitride as the resonator material and silicon resonators 

with a refractive index matching layer, as shown in Figure 2-3 (b) and (c). Notably, these 

structural colours function effectively under bright-field illumination. Another important 

advancement was the demonstration of structures capable of producing “Schrödinger red” 

— the purest red in the colour gamut, as shown in Figure 2-3 (d). Traditional Mie resonance-

based designs often suffer from interference caused by short-wavelength higher-order 

resonances when fabricating red pixels, which reduces colour purity[123]. To suppress the 

influence, BIC-based structures and machine-learning techniques were employed. These 

structures operate in a different periodicity regime than conventional Mie resonators, and 

through careful tuning of size and periodicity, the impact of higher-order Mie resonances can 

be eliminated. To further optimize performance — balancing colour purity and peak 

reflectance — the authors also integrated machine learning methods to refine the structural 

design.  

On the design methodology side, the application of advanced machine learning 

techniques[124-127] for inverse structural design has received considerable attention in recent 

years. Approaches range from directly using convolutional neural networks (CNNs) for 

spectral prediction[128] to employing cascaded neural networks for inverse retrieval of 

structures from target spectra [124]. These methods have made the design of colour filters 

more directional and efficient, moving beyond traditional brute-force numerical searches. 

A primary limitation of such Mie resonance or BIC-based structures is that they operate in 

reflection mode. As a result, they can only be used for structural colour display and are not 

suitable for direct integration with detectors as transmissive filters. This phenomenon can be 

understood as the fact that Mie/Fano resonances and qBIC resonances supported by 
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dielectric structures typically act as strong scattering features superimposed on a broadband 

transmission background spectrum. In the vicinity of a resonance, the phase undergoes a 

rapid flip (relative  changes from to ).  there must exist a frequency at which the 

resonant contribution interferes destructively with the original background transmission, 

leading to a redistribution of energy between transmission and reflection. Because these 

dielectric metasurfaces naturally exhibit a broad transmission background, introducing a 

resonator-mediated spectral response commonly results in an energy redistribution opposite 

to the transmission background—manifesting as a transmission dip and a corresponding 

reflection peak. However, if one could engineer the background spectrum to be reflective, 

the resonance would instead appear as a transmission peak (for instance, electromagnetic 

induce transmission (EIT)-like line shape). However, designing broadband, low-loss 

reflection using dielectric or hybrid dielectric–metal materials is almost impossible in 

practice. High-performance transmissive metasurface structural colours/filters are therefor 

hard to make and rarely reported. 

In summary, achieving relatively higher transmittance while maintaining narrow linewidths, 

as well as incorporating additional functionalities such as polarisation control, remains a key 

challenge for plasmonic metasurface-based colour filters. This is also the focus of Chapter 4 

in this study. 
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2.2 Nonlocal resonant metasurfaces for mid-infrared 
sensing 

In the visible light spectrum, colour conveys a wealth of information that assists with 

recognition and classification. However, in the invisible light spectrum, such as ultra-violet, 

infrared and terahertz range, the recognition and classification of the material and objects 

more rely on the direct analysis of the spectral characteristics. The infrared (IR) region is 

one of the most important bands for sensing applications, comprising the near-infrared, mid-

infrared, and far-infrared ranges. Among these, the mid-infrared is particularly critical for 

sensing, as the intrinsic vibrational absorption peaks of many chemical bonds lie within this 

region[93, 95]. Absorption peaks arising from different excitations produce rich characteristic 

fingerprints, thereby enabling the detection of specific molecules, the enhancement of 

infrared signals. Tools for infrared spectral analysis have therefore attracted considerable 

interest. A popular optical filter platform, multi-layer thin films can be used for spectral 

filtering and sensing. However, at large angles of incidence, thin-film filters are primarily 

affected by changes in the effective optical path length, which in turn shifts the Fabry–Pérot 

(FP) modes; by contrast, for non-local (NL) metasurfaces the dominant mechanism is the 

change in the in-plane wavevector, leading to different eigen resonance frequencies. 

Nevertheless, metasurfaces offer distinct additional design opportunities. For example, if a 

BIC or quasi-BIC is placed on an intrinsic quasi-flat band structure (often associated with 

Mie-type, localised resonances), then, aside from a degradation in the Q factor, its centre 

wavelength does not substantially shift, as demonstrated by the structure proposed in Chapter 

5 of this thesis and in [129]. Alternatively, one may deliberately engineer a flat band so as to 

realise high-Q resonances on that flat band, that will be discussed in section 2.3. Multilayer 

metasurfaces are, in turn, more readily able to achieve angle-insensitive transmission via 

angular-dispersion compensation or by artificially creating Moiré flat bands[84, 130-132]. 

Admittedly, some of these design principles can be transferred to thin-film filter design[64]; 

however, in terms of both flexibility and achievable Q factor, thin-film approaches still fall 

short of the upper limits attainable with metasurfaces. Nonlocal metasurfaces can act as 

infrared filters and media for surface-enhanced spectroscopy that would contribute to 

infrared spectroscopy, owing to the strong near-field enhancement and frequency selectivity 

of nonlocal modes. 
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For frequency selectivity, the nanohole design introduced in Section 2.1.1 can similarly be 

extended to the infrared region[115, 133]. In the mid-infrared range, noble metals such as gold 

and silver are regarded as excellent plasmonic materials because of their superior plasmonic 

properties and relatively lower losses. Numerous studies have reported mid-infrared filters 

based on gold or silver. For example, Ang Wang et al. first experimentally demonstrated a 

multispectral mid-infrared filter[115]. The structure consists mainly of gold nanoholes 

embedded in a Ge layer, where the Ge layer functions analogously to the SiO₂ substrate and 

capping layer commonly used in the visible spectrum. Their experiments achieved full width 

at half maximum (FWHM) on the order of several hundred nanometres and peak 

transmittance exceeding 60%. Such nanohole arrays can serve as the filtering layer in 

multispectral thermal imaging systems[133], as illustrated in the system shown in Figure 2-

4(b). In another report, several Au-on-GaAs plasmonic metasurface filters of large areas 

were fabricated to provide field-of-view coverage, enabling multispectral long-wave 

infrared imaging. 

 

Figure 2-4 Plasmonic filters in infrared range. (a) Au nanoholes buried in Ge layer, forming periodic hole 

structure supporting SPP mode. The FTIR characterised spectral transmission response of the fabricated sample 

was shown in the bottom left side, which showed maximum exceeding 60%[115]. (b) Similar nanohole array 
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design in Au film on top of GaAs. Top-left showed the fabricated large area sample, which can be applied to 

multi-spectral thermal imaging applications as shown in the bottom part[133]. (c) Micropipe plasmonic filters 

for linewidth reduction. A micropipe structure was applied, to split the SPP modes supported by top metal-

dielectric and bottom metal-dielectric. The simulated transmission spectrum was shown in the top right corner, 

it can be seen that with the increasing height of the micro-pipe structure, the linewidth of the transmission 

spectrum of the device was reduced[134]. (d) Machine learning enabled hole-structure optimisation. The unit 

cell of the plasmonic metasurface was discretised into 퐦 × 퐧 pixels. The transmission spectrum was monitored 

and optimised with varying structural parameters including the size of the hole and unit cell side length[135].  

It is worth noting, however, that the linewidths achieved in such works tend to be relatively 

large, which limits the number of supported spectral channels. To reduce the linewidth, Xu 

et al. proposed the use of a micro-pipe structure instead of traditional nanoholes[134]. This 

design increases the vertical distance between the top and bottom metal-dielectric interfaces, 

fully separating the two plasmonic modes supported on these surfaces and thereby narrowing 

the transmission peaks. Beyond system-level structural optimisations, the shape of the holes 

themselves also has a significant impact on the transmission properties[71, 136, 137]. Recently, 

Dan et al. proposed a gradient optimisation of hole geometries using deep learning 

techniques. As shown in the upper side of Figure 2-4(d), their design discretizes and 

binarizes the hole patterns: each unit cell is divided into m × n pixels (corresponding to sides 

c and d), where regions assigned a value of zero represent holes. Using neural networks and 

other computational tools, they optimized hole geometries to achieve the target spectra[135]. 
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Figure 2-5  BIC-metasurface for mid infrared sensing. (I) Pixelated q-BIC metasurface, the metasurface pixel 

respectively supported a q-BIC mode, giving a reflection peak in the MIR range[43]. By scaling the unit size, 

the central peak wavenumber can be tuned, as shown in a. When applied the protein A/G on top of the 

metasurface, the reflection peak was reduced because of the absorption of the protein, as shown in d. The 

influence of the protein absorption will be enhanced owing to the strong near field enhancement of q-BIC mode. 

e. showed the pixelated metasurface array, from which the classification and quantification of the protein can 

be conducted in a spectrometer-less configuration. (II) Angle-multiplexed single-pixel metasurface. The 

reflection peak can be effectively tunned through the change of the incidence angle[97]. The MIR range can be 

therefore covered with just single pixel metasurface area. (III) Continuous encoding of the reflection peak of 

the metasurface[138]. Gradient size change of the adjacent unit pixel in spatial space was applied to the array 

design, the reflection peak was therefore mapped continuously instead of pixelation or highly discretion, 

therefore increased the spatial-spectral channel density. 

 

Despite extensive optimisation efforts, metallic nanohole arrays remain fundamentally 

limited in achieving narrow linewidths due to Ohmic losses. To further realize high-quality-

factor (high-Q) mode generation and narrowband filtering, increasing attention has been 

directed towards all-dielectric metasurfaces, particularly those supporting bound states in the 
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continuum (BIC) modes. A. Leitis and his group have conducted a series of pioneering 

studies in this area[43, 97, 139]. They proposed a pixelated metasurface platform based on BIC 

modes to develop a novel approach for detecting characteristic molecular fingerprints of 

various surface-adsorbed molecules. The design utilizes resonator units composed of two 

slightly tilted amorphous silicon or germanium ellipses, breaking the   geometric 

symmetry of the system to support convert symmetry protected BIC into quasi-BIC modes. 

Each super-pixel exhibits strong frequency selectivity and, through scaling of the entire 

structure, can provide high-Q resonances at specific wavenumbers within the target spectral 

range. This establishes a mapping between spatial information (the location of super-pixels 

in the array) and spectral information (the associated resonance positions). When a thin layer 

of protein A/G biomolecules was deposited, the authors observed a pronounced reduction 

and broadening of the super-pixel resonance amplitudes associated with molecular 

vibrational bands (Fig. 2-5 I, bottom). Owing to the high-Q resonances and spectrally well-

defined line shapes, it became possible to read out chemically specific absorption signals 

even under broadband illumination and detection. This enabled the generation of image-

based molecular fingerprint representations suitable for further analysis using pattern 

recognition and machine learning methods[43]. These so-called ‘molecular barcodes’ have 

been demonstrated for detecting compounds across diverse fields such as biology, 

environmental monitoring, and materials science, and the approach has been extended to 

both the visible[42], near infrared[140] and terahertz[141] regimes. Furthermore, the density of 

spectral channels can be increased by introducing gradient designs into the super-pixels. In 

the design illustrated in Fig. 2-5(III), the concept of discrete super-pixel arrays is abandoned. 

Instead, the authors introduced size scaling gradients between adjacent units. This results in 

continuous variations of characteristic reflection wavelengths, forming a continuous relation 

between space and reflection peak wavenumber[138, 139]. Beyond spatial multiplexing, 

angular multiplexing has also shown promising potential[97]. As reported in Fig. 2-5(II), 

researchers discovered a clear functional relationship between the incident angle and the 

reflection peak wavelength owing to the highly dispersive nature of the proposed quasi-BIC 

modes. This one-to-one correspondence allows the reflection peak wavelength to be tuned 

by altering the incident angle, enabling broadband detection even with a single pixel. Here, 

the number of spectral channels depends only on the curvature of the quasi-BIC dispersion 

and the sensitivity of the detector, rather than the fabrication precision. These works are all 

based on one-dimensional mappings between spectrum -spatial position or spectrum-angle. 
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Recently, however, several studies have demonstrated two-dimensional mappings between 

spectrum and position. 

 

Figure 2-6 Advanced gradient MIR metasurface. (I) Dual gradient q-BIC metasurface. The scaling gradient 

(corresponds to resonant mode centre wavelength) and coupling gradient (refers to different quality factor) 

were introduced into the adjacent units in horizontal direction and vertical direction respectively[139]. (II) 

Chirality gradient metasurface. In a similar configuration to gradient q-BIC metasurface, the chirality gradient 

can also be introduced through continuously change of rotation angle of nano bricks[142]. 

A. Leitis et al. introduced the concept of dual gradients in spectrum -spatial position encoded 

q-BIC metasurface. In this design, two systematic parameters varied with gradients[139]. The 

first is size scaling, as proposed in their earlier work, where a continuous variation in the 

unit cell sizes along the x-axis (in spatial position) allows tuning of the reflection peak 

wavenumbers. Beyond this, they introduced a second gradient along the y-axis (in spatial 

position), referred to as the coupling gradient. In the dimer ellipse structure that supports 
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symmetry-protected BICs, a slight relative rotation between the ellipses is key to 

transitioning from a non-radiative state to a radiative state that can couple to free-space 

radiation. The gradually increasing relative rotation angle led to greater radiative loss and 

thus lower Q-factors. In theory, the coupling strength gradient corresponds to a continuous 

variation of the rotation angle. However, in these zig-zag-type BIC structures, a notable 

characteristic is that changes in the rotation angle also shift the resonance peak wavelength. 

Therefore, in their practical design, the authors implemented not only angle variations but 

also a combined tuning of angle and size to achieve spectral alignment. This alignment 

ensures that the reflection peak wavenumbers of q-BICs with different Q-factors within the 

same x-position occur at the same wavenumber in spectral response. Together with the size 

variation along the x-direction, the authors achieved a dual-gradient design enabling 

continuous variation of both the characteristic peak wavenumbers and the Q-factors. This 

two-dimensional spatial-spectral encoding effectively enriches the spectral features: it 

increases the spectral channel density and allows the intuitive mapping of q-BIC modes with 

different Q-factors on a 2D encoded image. This, in turn, facilitates observation of how 

resonances with different Q-factors interact with biochemical samples under test. Recently, 

another report demonstrated a different type of encoding by introducing chirality[142]. As 

shown in Figure 2-6(II), a continuous variation in the rotation angles of unit nanobricks 

enables chirality to be encoded into spatial position. The fabricated metasurface covered an 

area approximately 3 mm in length, with nanobricks in adjacent periods having different 

rotation angles and thus different chiral responses. Figure 2-6(II)(c) illustrates the 

relationship between rotation angle and spatial position, as well as experimental results 

showing the continuous change of chirality across the surface. Collectively, these studies 

have profoundly inspired research into high-Q infrared metasurfaces. 

The zig-zag dimer ellipse structure is inherently polarisation-sensitive and operates under 

polarised illumination. In contrast, W. Adi et al. applied the concept of band folding from 

photonic crystals to design mid-infrared metasurfaces capable of operating under 

unpolarised illumination[96]. In their design, a silicon thin film with periodically arranged 

holes forms a photonic crystal. A perturbation was introduced by varying the hole sizes in 

adjacent units, effectively modifying the periodicity and folding the structure’s first Brillouin 

zone. As a result, certain forbidden modes with ultra-high Q factors that originally lay below 

the light cone were folded into the radiation continuum, forming quasi-guided modes. These 

modes exhibit extremely high Q-factors and very low radiative losses, with the Q-factor 

inversely proportional to the square of the perturbation magnitude—characteristic of quasi-
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BIC behaviour. These band-folding-induced quasi-BIC modes are also referred to as BZF-

BICs[143]. A key advantage of this design is its polarisation insensitivity under normal 

incidence. Additionally, the concept of freestanding BICs was introduced by removing the 

substrate and using air as a ‘virtual substrate’ This maximises the refractive index contrast 

between the resonators and the substrate, thereby enhancing the modulation efficiency of the 

resonators. The freestanding metasurface design has also been applied to multi-functional 

infrared sensing[39] and dynamic tuning via photothermal effects[144], demonstrating the 

promising potential of this approach. 

 

Figure 2-7 Free-standing membrane q-BIC metasurface. (I) Polarisation angle-insensitive (for normal 

incidence) membrane q-BIC metasurface[96]. (a) and (b) illustrate the design of the unit cells. Asymmetry 

parameter ∆풓 that refers to the radius difference between adjacent holes was introduced. The period of the 

structure was therefore changed, correspondingly the first Brillouin zone was folded, forming a q-BIC mode 

at 횪 point. (c-f) showed the optical image and SEM image of the proposed structure, respectively. (g) illustrated 

the concept of freestanding membrane, where no solid substrate was applied. h and i respectively showed the 

transmission spectrum and near-field E-field enhancement of TE and TM mode q-BIC (II) Tuneable q-BIC 

metasurface based on thermal expansion of the membrane film[144]. (a), (d), (e) showed the dynamic change of 

the transmittance peak wavenumber and quality factor in response to temperature change, while (e) and (f) 

showed the spectrum change with respect to relative rotation angle of the dimer ellipse. 

 

In practice, fabrication errors can significantly affect the Q-factor of q-BICs. J. Kühne et al. 

conducted a detailed comparison of the fabrication tolerance of different dimer unit-cell q-

BIC metasurface structures[145]. They found that among the various dimer models shown in 
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Figure 2-8(I), the zig-zag type demonstrated the best fabrication robustness. This conclusion 

was based on how the Q-factor degradation depends on fabrication errors. Another study 

reviewed a series of structures, including both metallic and dielectric materials[36], and 

complementary shapes such as nanobricks and nanoholes. This work again highlighted the 

superior performance of zig-zag binary metasurfaces in terms of Q-factor and modulation 

depth. 

Nevertheless, these designs still have a notable limitation: they operate in reflection mode, 

where the spectral features appear as reflection peaks or transmission dips. With special 

designs mentioned above[39], it is possible to shift the BIC resonance into the transmission 

dips of leaky modes, resulting in EIT-like spectral features. However, such designs often 

introduce sidelobes and lack a clean spectral background, making them difficult to use as 

filters. Transmission-mode filters have a natural system-level advantage because they can be 

directly integrated with detectors without the need for complex signal processing. Chapter 5 

of this study focuses on addressing this issue — specifically, how to achieve the application 

of BIC narrowband modes in transmission mode. 
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Figure 2-8 Comparison of the spectrum change of different typers of SP-BIC metasurface that indicates the 

fabrication robustness[145]. The coloured lines indicate the spectrum taking the fabrication error (훔) into account. 

훔 refers to the symmetry relative error in breaking perturbation parameter. It can be seen that the dimer ellipse 

has the highest robustness against 훔, as shown in a and b. (II) Discussion on the incidence angle sensitivity of 

different type of q-BIC metasurface[36]. The polar angle resolved spectrum can be seen as a method to evaluate 

the band structure of the radiative modes. It can be seen that all the structures are incidence angle and 

polarisation sensitive, while the dimer ellipse shows a clean spectrum with just q-BIC modes. 
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2.3 Angular dispersion engineering for non-local high-Q 
metasurface 

Although nonlocal metasurfaces, as previously discussed, have shown remarkable 

performance in infrared sensing in terms of refractive index sensing[94, 146], strong coupling 

with chemical absorption bonds[39, 147], imaging[39, 115], and so on, most frequency-domain 

manipulations have only been simulated and validated under normal incidence., most 

frequency-domain manipulations have only been simulated and validated under normal 

incidence. In contrast, angular dispersion of the device is often overlooked. In reality, angular 

dispersion is a critical issue that must be carefully addressed across different application 

scenarios—particularly in those that require efficient utilisation of optical energy, such as 

surface-enhanced infrared sensing[39, 148, 149] and experiments involving optical nonlinear 

components generation enhancement[38, 41, 150, 151] via metasurfaces. In these applications, 

signal enhancement primarily stems from enhanced interaction between the electromagnetic 

field and the material. Concentrating the electromagnetic field into a smaller region to 

maximise the field strength on a macroscopic scale can significantly enhance the signal. For 

this reason, systems involved in such applications often incorporate focusing optics such as 

lenses or microscopes to concentrate the light beam onto the metasurface. 

However, beam focusing inherently introduces a wide range of oblique incident angles in 

addition to normal incidence. For nonlocal metasurfaces exhibiting angular dispersion—that 

is, where the characteristic frequency of the optical structure varies significantly with in-

plane momentum ∥  or different incident angles correspond to different resonance 

frequencies. This causes the optical energy to spread across multiple modes, rather than 

being confined within the specifically designed resonance mode intended for material 

interaction or nonlinear enhancement. To address the issue, there is growing interest in 

designing flatband photonic structures—structures whose dispersion near the  -point is 

nearly flat, implying near-zero group velocity and extremely high density of optical states[152, 

153]. Such designs offer a solution to angular dispersion, enabling efficient light-matter 

interaction across a broad angular range. 

Flatband photonic lattices—periodic media with at least one Bloch band exhibiting zero 

dispersion—have been known since the 1980s[154-156], though their realisation was long 

hindered by fabrication limitations. In principle, the most direct way to create a flat band is 

to take the Hamiltonian  of any periodic system, compute its band structure, and divide 

it by the momentum-dependent energy  of one of the bands to obtain a new Hamiltonian 
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. While the newly constructed Hamiltonian indeed exhibits a perfectly 

flat band, its real-space counterpart that can be obtained via Fourier transformation, typically 

involves complex structures, including finely tuned long-range couplings, rendering it 

impractical for physical implementation. 

Recently, the physics community has witnessed a growing number of photonic flatband 

models based on simple, short-range connectivity. The advancements in nanofabrication 

have enabled experimental realisation of such precise structures[153, 157, 158]. This has re-

motivated the interest in the study of photonic flatband. A 2018 perspective[154] categorised 

flatband photonic systems into three types based on their origin: 

1. Symmetry-protected flatband, associated with local “dark” states that are decoupled 

from propagating channels. 

2. Topologically protected flatband. 

3. Accidental flatband, which arise through fine-tuning of system parameters. 

The third category—accidental flatband—does not stem from the inherent geometry or 

topology of the system but rather emerges from precise tuning of parameters such as 

coupling strengths, external fields, or other variables, resulting in a locally flattened band 

within part of the Brillouin zone. However, such bands are highly sensitive to parameter 

variations, and any deviation from optimal values can reintroduce dispersion.  

With the rise of advanced nanofabrication techniques, an increasing number of these finely 

tuned flatband systems are being both theoretically designed and experimentally realised. In 

general, as the mode volume of optical resonators decreases and the resonances become 

more localised[159-161], the angular dependence of the resonant modes tends to diminish. 

However, this localisation also typically increases the number of available radiative channels, 

thereby lowering the quality factor of the resonance. Thus, the challenge of realising 

photonic flatband structures that support high-Q resonant modes remains both significant 

and valuable. 

One possible scheme is to merge BICs on a quasi-flat band in order to achieve high Q-factors 

over a certain range of momentum space[129]. This idea is based on exploiting the topological 

characteristics of BICs[162-164]. BICs have been confirmed to be polarisation singularities in 

momentum space, known as eigenmodes of optical systems where the far-field polarisation 

direction is undefined. As the vortex centres of linearly polarised far fields in momentum 
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space, BICs carry an integer topological charge q. Conservation of topological charge 

implies that BICs can move within reciprocal space without breaking the system's symmetry. 

Therefore, by carefully adjusting structural parameters, multiple isolated BICs can be tuned 

to the same wavevector, thereby constructing merged BICs. H. Chen et al. demonstrated the 

concept of merging BICs on a low angular dispersion band through simulation[129]. By 

precisely tuning the period and height of photonic crystal pillars, they brought multiple BICs 

close together in momentum space, allowing them to merge. As shown in Figure 2-9 I (a), 

when the period of the photonic crystal a equals 1090nm to 1137nm, 5 BICs tends to merge, 

therefore maintain high Q in specific [ ] range. While for a = 1261nm, the BICs are 

isolated.  The high Q-factor characteristic was maintained across a wider region in 

momentum space as a result. Furthermore, fine-tuning of structural parameters made the 

merging behaviour take place on a quasi-flat band inherently supported by the system, 

thereby achieving angle-insensitive peak resonance and high Q-factors over a certain range 

of incidence angles. Figure 2-8(I) clearly shows the comparison between the merged BIC 

obtained after structural parameter optimisation and isolated BICs without such optimisation. 

Under specific choices of the lattice constant-to-height ratio (a/h), the structure exhibits both 

angle insensitivity within the 0–12° incidence range and high-Q features within a certain 

momentum range. This kind of parameter tuning involves two-dimensional control of the 

BICs’ positions in momentum space (i.e., merging on a quasi-flat band), which requires 

nanometre-level precision in both the height and radius. As such, fabrication errors at the 

nanoscale can significantly shift the BICs from their optimal locations that limits its 

realisation.  
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Figure 2-9 Merging multiple BICs to achieve high Q in a specific range in momentum space. (I) (a) showed 

the merging transitions with different period value a. (b) and (c) demonstrated the simulation results for isolated 

BIC and merging BICs with different angle of incidence[129]. (II) Comb-like structures for merging BICs and 

flatband formation[165]. (a) and (d) showed the geometrical differences of a 1D grating and comb-like grating, 

where a slab was added underneath the grating. The existence of the slab converted the even/odd modes in xz 

plane into even-like and odd-like modes, thus breaking the vertical symmetry. (g)-(j) showed the effect of 

vertical symmetry breaking (k) illustrated the forming of merging BIC. With increasing fill factor f, the relative 

distance in momentum space of the SP-BIC and FW-BIC changed. 

N. D. Le recently proposed a structure based on a similar concept, using band engineering 

and BIC merging to realise ultra-high Q-factors with flatband characteristic[158, 165]. Their 

theoretical analysis shows that by carefully adjusting geometric parameters—including duty 

cycle and height—of a one-dimensional amorphous silicon grating on a silicon slab, a 

symmetry-protected BIC at the point and a Friedrich–Wintgen BIC (FW-BIC) away from 

the  point can be merged, resulting in high Q-factors over a range of momentum values. 

This merging process evolves with changes to the geometrical parameters, mainly the fill 
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factor of the 1D grating, transitioning from isolated BICs, to merged BICs, and finally to 

various band structures such as multi-valley, flatband, and Dirac-shaped dispersions. 

Figure 2-9(II) (g) shows the band diagram of a symmetric grating structure (as illustrated in 

II(a)), which contains two crossing band, indicating no coupling between the two modes. 

When symmetry-breaking parameters are introduced into the system—specifically, by 

adding a slab beneath the 1D grating to form a “comb” structure—vertical symmetry is 

broken; while the fill factor of the binary grating (which effectively defines the relative width 

and position difference between adjacent grooves) breaks in-plane symmetry. Without these 

symmetry-breaking perturbations, the blue and red lines corresponding to the TE modes 

cannot couple due to even–odd mode mismatch. After symmetry breaking is introduced, a 

bandgap opens because of the anti-crossing of the two bands in the band diagram. The broken 

vertical symmetry led to the strong coupling between the two odd/even mismatched modes 

(blue and red curve in (g)). Such strong coupling led to anti-crossing at the two sides and 

created extra two FW-BICs. By changing the fill factor of the grating, the relative position 

of the SP-BIC and FW-BIC can be tuned relatively, creating flatband with high Q. The blue 

and central red segments together form a multi-valley band structure, containing a 

symmetry-protected BIC at  point and two FW-BICs at anti-crossing points. 

By finely tuning the system parameters, the three BICs move relative to each other in 

momentum space and form a so-called super BIC region near the -point. In this region, 

high Q-factors and a relatively flat band are simultaneously achieved. Although the structure 

still relies heavily on fine-tuning, once the multi-valley band structure—close to a flat 

band—is established through symmetry breaking, the height can be fixed. After that, only 

minor adjustments to the period are needed to finalise the flatband design. Experimentally, 

the authors fabricated a series of samples with gradually increasing fill factor, observing 

multi-valley and Dirac-like dispersions, and identifying the sample corresponding to a 

flatband structure for experimental measurement. Some structures achieve flat bands by 

breaking vertical symmetry, such as the fishbone design[158, 166]. However, the comb structure 

offers a significant advantage in that it is relatively simpler to fabricate. In practical 

fabrication, the authors employed a very thin layer of silicon dioxide inserted between the 

grating and the slab as an etch-stop layer. This design and fabrication approach can be 

extended to other wavelength ranges. Recently, there have been reports of such one-

dimensional comb gratings designed for flat bands in the visible spectrum. Using the same 
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design principle, the authors achieved flatband structures at visible wavelengths by finely 

tuning the fill factor[167], as shown in Figure 2-10(I). 

One possible application of these high-Q flatband structures is to use them as absorbing 

layers in photodetectors, enabling frequency-selective absorption that is weakly dependent 

on the angle of incidence[168]. In their work, as shown in Figure 2-10 (II), the authors directly 

fabricated silicon nitride gratings of approximately 180 nm in height on InGaAs absorbing 

layers to enhance light absorption. By slightly adjusting the fill factor, they created 

asymmetric gratings and fine-tuned the band structure, ultimately realising a flatband 

structure at around 780 nm in the near infrared, with angular tolerance of approximately 18°. 

This flatband structure enabled the external quantum efficiency (EQE) of the detector to 

increase from below 25% to above 60%. 

 

Figure 2-10 (I) Observation of photonic flatband in the visible spectrum. A comb-like structure with 

asymmetric 1D gratings were made for flatband creation. GaP was used because of its high refractive index 

and low loss in the visible range. A near-zero group-velocity dispersion and a Q factor of about 750 was 
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obtained at around 590nm within 10-degree angle of incidence[167]. (II) Comb-like structures for enhanced 

photon-detection. A similar design of 1D grating on slab, made of a-Si was made to create flatband with high 

Q characteristic[168]. (d) compared the different angle-resolved reflection spectrum of the two structures. With 

a flat spectral response, the external quantum efficiency of the device can be largely enhanced. (III) Room 

temperature lasing assisted by flatband metasurface design[169]. Low-loss 퐓퐢퐎ퟐ nanorods on the slab were used 

to make the meta-atoms, in which the ratio between y-direction lattice constant and x-direction lattice constant 

can effectively influence the anti-crossing between the lower-band mode (LB) and upper-band mode (UB) in 

the band diagram. By carefully design the ratio 휶, flatband BIC (FB-BIC) was obtained. The calculation results 

(f) and (g), showed the infinite effective mass of the coupled mode, and higher density of the states feature of 

the designed flatband structure. 

 

In addition to the one-dimensional comb-like structures built on slabs, similar designs can 

also be constructed using two-dimensional gratings, as shown in Figure 2-10(III). Unlike the 

duty cycle tuning used in 1D gratings, a recent study demonstrated how adjusting the 

anisotropy of a square lattice can be used to control the coupling strength between modes, 

thereby achieving different anti-crossing strengths[169]. This form of band engineering can 

likewise produce high-Q flatband. Since the coupling strength in the design is determined 

solely by the ratio of lattice constants in the y- and x-directions, its fabrication may offer 

improved robustness. The authors applied this design to the realisation of room-temperature 

lasing. In the work, a rectangular array of  nanopillars served as the photonic crystal 

layer, supporting two intersecting modes. By varying the ratio of the lattice periods along 

orthogonal directions—defined as also referred to in the paper as the anisotropy 

factor—band engineering was achieved. Compared to conventional BIC lasers, this flatband 

design clearly exhibits higher energy utilisation efficiency and a denser optical density of 

states. As a result, the authors experimentally achieved a lasing threshold pump power of 

295 kW/cm², which is four times lower than that of non-flatband BIC lasers. 

 

Some structures that do not explicitly involve BIC merging have also been reported; these 

structures mainly used guided-mode resonances or band folding and anti-crossing to realise 

flatband structures. A recent report demonstrated the realisation of flatband resonances 

through fine-tuning of the band structure of guided-mode resonances and applied the design 

into laser generation[170]. The waveguide layer used in the work, including a two-dimensional 

grating and slab, was made of α-Si. By precisely adjusting geometric parameters such as the 

lattice constant, radius, and heights of the slab and nanopillars, the band structure changes 
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shown in Figure 2-11 (I) f–h emerge. These correspond to two low-dispersion bands. As the 

period increases, the quasi flatband shift towards lower photon energies points and the 

low-dispersion features expand over a broader range of momentum space. 

 

K. Sun et al. recently reported a series of binary metasurface structures that realise mode 

hybridisation and anti-crossing via band folding[171]. Overall, the proposed structures consist 

of binary nano-disk arrays; notably, their structures do not necessarily involve a slab—the 

functional layer is only a single planar layer. In-plane lattice doubling perturbations cause 

the guided mode that originally appeared near the band edge along the  direction to 

be folded into the first Brillouin zone above the light line along , becoming a quasi-

guided mode. This newly introduced mode exhibits anticrossing with the original mode 

containing the  . Through a combination of lattice perturbation and in-plane 

symmetry breaking, the strength of the mode coupling responsible for the anti-crossing can 

be modified, thereby enabling the generation of flatband photonic structures. The authors 

further applied the design to rainbow free thermal emitter design. In the work shown in 

Figure 2-11 (II), the authors realised a narrowband mid-infrared thermal emitter with a 

bandwidth as small as 23 nm. The structure consists of Ge on an  buffer layer; the 

thickness of the Ge and   layers is primarily used to adjust impedance matching, in 

order to achieve optimal emissivity. Since thermal radiation in this design is non-directional, 

the flatband design helped to maintain a constant centre wavelength across a wide angular 

range for energy collection. More recently, this design has been further applied to near-

infrared resonant nonlinear enhancement[172].  

What has not been widely discovered in the existing reports is how a single-layer structure 

can simultaneously achieve high Q factors across the entire band and enable flat-band 

engineering. Chapter 6 of this thesis proposed a novel flat-band design scheme and 

demonstrates its key performance. 
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Figure 2-11 (I) Flatband photonic structures for low threshold lasing[170]. Periodic α-Si nanorods were 

fabricated on top of silicon slab, two quasi flatband modes were observed, as shown in (c) red-dashed rectangle 

part and inset. The Q factors of the two modes are shown in (d) and (e). (II) Rainbow-free thermal emitter 

formed by band-folding and anti-crossing[171]. (a) illustrates the band structure of a single-disk array, where a 

quasi-guide mode that contains a symmetry protected BIC at 횪  point was the band to be engineered. By 

symmetry breaking and relative moving closer, which effectively doubled the lattice constant, the band that 

represented the guide mode in 퐗 − 퐌  path was folded into 횪 − 퐘  path, and the strong coupling happened 

between the folded GM (forming new QGM in 횪 − 퐘  path) and the original QGM containing BIC.  By 

precisely changing the coupling strength, the lower group velocity dispersion can be obtained compared to 

original GVD, as shown in (c) and (d).   
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Chapter 3 Methodology: Fabrication, Simulation and 

Characterisation 
In this chapter, the main methods and software used in the key stages of metasurface 

research—simulation, fabrication, and characterisation—will be introduced. 

3.1 Metasurface Research Workflow 

   

 

Figure 3-1 Schematic workflow of metasurface research workflow. 

The research process for metasurfaces can be categorised into the conceptual flowchart 

shown in Figure 3-1, including theoretical analysis, simulation, fabrication, and 

characterisation. Simulation of metasurfaces primarily relies on commercial software 

platforms such as Ansys Lumerical and COMSOL Multiphysics, which help conduct semi-

analytical or numerical calculations. The calculations of electromagnetic-response are based 

on the rigorous coupled-wave analysis (RCWA) method, Finite-Difference Time-Domain 

(FDTD) and Finite Element Method (FEM). These commercial software platforms and 

calculation methods offer highly integrated, multifunctional simulation capabilities and 

provide user-friendly computer-resource management interfaces and a large community of 

users, making them more accessible than custom-coded simulations. 
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The fabrication of the metasurface micro/nanostructures discussed in this work mainly 

depends on electron beam lithography (EBL) and subsequent physical or chemical etching   

techniques to transfer the designed patterns onto the functional metasurface layers.  

Finally, the fabricated metasurfaces are inspected using various microscopy tools, including 

optical microscopes and scanning electron microscopes (SEMs). The spectral responses of 

the metasurface studied are mainly tested using microspectrophotometers and Fourier 

transform infrared spectrometers (FTIR). 

3.2  Simulation Based on Lumerical/COMSOL 

As mentioned earlier, nonlocal metasurfaces primarily focus on periodic structures and the 

resonant effects arising from collective responses. Simulations of these periodic structures 

will mainly use RCWA, FDTD, and FEM methods. These numerical and simulation 

approaches are already integrated into commercial software. 

Both Lumerical and COMSOL have large user communities and extensive tutorial resources, 

and a wide range of simulation settings are already integrated into their GUIs. Users can, for 

example, rely on parallel viewports to inspect the construction of the geometry, the resulting 

mesh discretisation, and the planning/allocation of computational resources (for Lumerical 

FDTD only) in a more interactive manner. This is particularly important for beginners, and 

it represents a key advantage of these commercial packages over some open-source codes 

available online, such as MEEP. However, it is also undoubtful that free, open-source 

frameworks such as MEEP and Legume have made tremendous contributions to the field. 

 

 

Figure 3-2 Screenshot of computational resources management user interface in Ansys Lumerical software. 

One can customise and optimise the environmental configuration to improve the simulation efficiency. 
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In this section, the basic principles of RCWA, FDTD, and FEM, as well as the user interfaces 

(GUI) of Lumerical and COMSOL, will be thoroughly discussed. While explaining the 

principles, the software interfaces will be correspondingly introduced, highlighting the key 

simulation settings and their theoretical underpinnings, helping readers gain a deep 

understanding of what simulation parameters to focus on and underlying reasons. 

Finally, a comparison of the advantages and disadvantages of these three simulation methods 

across different scenarios will be presented, outlining the application contexts best suited to 

each method. 

3.2.1 RCWA 

3.2.1.1 Overview of RCWA 

RCWA is an algorithm designed for solving periodic electromagnetic field problems. It is 

primarily used in the analysis of diffraction characteristics in various periodic structures, 

such as gratings and metasurfaces[173-176]. RCWA is particularly well-suited for studying 

polarisation-dependent transmission in dielectric metasurfaces, because—unlike FDTD and 

FEM methods discussed later—it provides an analytical solution, offering superior speed 

and accuracy. 

In the RCWA method, the electromagnetic fields are expanded into spatial harmonics (i.e., 

Fourier series), which is why RCWA is also referred to as the Fourier Modal Method (FMM). 

Although each discrete spatial harmonic does not individually satisfy the wave equation, 

their superposition does.  

The typical RCWA procedure consists of three steps: 

I. Fourier expansion of the permittivity and permeability of the structure. 

II. Plane wave expansion of the incident, transmitted, and grating (metasurface) regions. 

The expansion in the grating region is substituted into Maxwell’s equations, leading 

to a set of coupled wave eigenvalue equations to be solved. 

III. Applying tangential boundary conditions of the electromagnetic fields to derive the 

scattering matrix, from which diffraction characteristics such as reflectance, 

transmittance, field distribution, and diffraction efficiencies can be obtained. 

By utilising the RCWA module in Ansys Lumerical, one can efficiently compute 

transmission, reflection, and phase shifts of metasurfaces. 
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3.2.1.1 Derivation of RCWA 

 

Figure 3-3 (a) definition of 1D rectangular grating. (b) illustration of the incidence angle and parameter 

definition. 

 

In this section, the steps described in 3.2.1.1 are followed to derive the reflection and 

transmission coefficients using the RCWA method considering diffraction for a one-

dimensional rectangular grating, as shown in in Fig 3.3(a). An arbitrary light beam incident 

on the grating surface, as illustrated in Fig. 3.3(b), will be used as an example to illustrate 

the RCWA derivation. The calculation of metasurface is the 2D extension of 1D example[174, 

177]. The parameters are defined as follows: 

: grating period, : groove depth, : duty cycle, X-axis: perpendicular to the grating lines, 

Y-axis: along the grating lines, Z-axis: normal to the grating surface, : angle between the 

incident beam and the Z-axis. 

The entire space is divided into three regions: Incident/Reflected region, grating region, and 

transmitted region. The refractive indices of the incident/reflected and transmitted regions 

are denoted as ퟏ and ퟐ, respectively. The grating region consists of a periodic distribution 

of dielectrics with refractive indices  ퟏ and ퟐ.  

In typical grating systems, the incident beam can have two types of polarisations: TE 

(Transverse Electric) and TM (Transverse Magnetic). In this context, TE polarisation is 

defined as the case where the electric field component of the incident wave is perpendicular 

to the plane of incidence. The following derivation focuses on the RCWA formulation for a 

TE-polarised incident wave interacting with a 1D rectangular grating. 

The two media with refractive indices  ퟏ and ퟐare periodically distributed in the grating 

region, and their relative permittivity  can be expanded into a Fourier series as: 
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The expansion coefficient 풉 is: 
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In the incident region, the normalised electric field vector can be expressed as: 

inc � �  

In the equation, �
��
��

is the wave vector of the incident light, and � is the wavelength of 

the incident light.  

The electric field vectors in the reflection and transmission regions are expressed 

respectively as: 

�,� inc �
�

�� �,��  

�,� �
�

�� �,��  

In the equations, 풊 and 풊 represent the normalised amplitude of the  order reflected 

and transmitted electromagnetic fields, respectively.  

According to Floquet's theorem, �� and �,�� are given by the following expressions: 
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When the incident light is TE-polarised, the electromagnetic field vectors in all regions have 

only the electric field in the Y-direction and magnetic fields in the X and Z directions being 

non-zero, while all other components are zero. Under these conditions, Maxwell’s equations 

can be simplified as follows: 
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Here, the subscript denotes the grating region. In the grating region, the electric field in 

the Y-direction and the magnetic field in the X-direction are expanded into Fourier series 

and expressed in the form of spatial harmonic fields as follows: 
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In the equations, ퟎ is the vacuum permittivity, ퟎ is the vacuum permeability, 풚풊  is the 

amplitude of the  order electric field component in the Y-direction, and 풙풊  is the 

amplitude of the  order magnetic field component in the X-direction. 

By substituting equations   and   into Maxwell’s equations 3.8, 3.9, and 3.10 and 

simplifying, the coupled-wave equations can be obtained: 
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Equations 3.13 and 3.14 can be simplified and expressed in the following matrix form: 
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By differentiating both sides of Equation 3.13 with respect to , the term  ��  can be 

eliminated, simplifying the equation to: 
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In the equation 3.15, 풙
ퟐ

ퟎ
ퟐ . is the identity matrix, and  is the Toeplitz matrix 

composed of the dielectric Fourier coefficients �. � is the diagonal matrix composed of 

��, defined as: � diag �,�� �,� �,�  

The dimensions of the above matrices are all  , where   is the number of Fourier 

expansion orders. By applying the eigenvalue method to solve the coefficient matrix Aon 

the right-hand side of Equation 3.16, the formal solution 풚  can be expressed using its 

eigenvalues and eigenvectors as: 
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In the equation, 풎  is the positive square root of the eigenvalue of matrix  , 풊,풎  is the 

corresponding eigenvector, and 풎
±  are undetermined coefficients.  

By differentiating both sides of Equation 3.17 with respect to , and using Equation 3.13, 

one can obtain: 
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For convenience, Equations 3.17 and 3.18 are expressed in a simplified form as follows: 
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Where    is the eigenvector matrix of matrix  ,   is a diagonal matrix whose diagonal 

elements are the positive square roots of the eigenvalues of , and  is a diagonal matrix 

whose diagonal elements are the exponential functions appearing in Equations 3.17 and 3.18. 

At the interfaces between the incident, the grating region and the transmission region, the 

boundary conditions must be satisfied. By solving the set of boundary condition equations, 

the reflection coefficient  and transmission coefficient  can be obtained. 

At the boundary between the incident/reflection region and the grating region, i.e., at  , 

the boundary conditions are: 
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Similarly, at the boundary between the grating region and the transmission region, i.e., at 

, the boundary conditions are: 
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The four sets of equations in Equations 3.21 and 3.22 are used to solve four unknown 

parameters:  ,  , �  and � . From this, the reflection coefficient   and transmission 

coefficient  can be obtained. Finally, the diffraction efficiencies for each order under TE 

polarisation for the rectangular grating are calculated using the definitions given in 

Equations 3.23 and 3.24: 
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TM incidence will be similar to TE incidence, and 2D gratings (which is the case for 

metasurfaces) can be calculated using a similar process but modifying Equations 3.1-3.5 into 

two dimensions. The next section shows how using Ansys Lumerical can greatly simplify 

the calculation of reflection and transmission coefficients. 

3.2.1.2 Ansys Lumerical RCWA Setup 

In this research, the RCWA calculations are performed using the Ansys Lumerical platform. 

In the software setup, aside from defining the geometric structure of the metasurface, the 

following key aspects of the RCWA algorithm need to be specified: 

 

Figure 3-4. Screenshot of User-interface tabs for RCWA definition in Ansys Lumerical. 

The General tab primarily involves the definition of the incident direction and the 

background refractive index, as shown in Figure 3-5(a). This corresponds to the definition 

of the XYZ axes, and the background refractive index described in Section 2.1.1. 
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Figure 3-5 Screenshot of RCWA configuration. (a) General settings. (b) Interfaces Settings. (c) Solver settings. 

The Interfaces (Figure 3-5(b)) and Solver (Figure 3-5(c)) tabs, which are closely related to 

the Fourier expansion, also need to be defined. The Interfaces correspond to the boundaries 

between different regions as described in Section 2.1.0 and 2.1.1. These interfaces are the 

locations where boundary conditions are applied, as explained in Section 2.1.1, enabling the 

continuous calculation of the transfer matrix across multiple layers. In general, an interface 

should always be inserted between any two layers with different refractive indices. In the 

Solver settings, two aspects are defined. On one hand, the in-plane mesh size is set, which 

corresponds to the discretisation of the metasurface's in-plane geometry. On the other hand, 

the K vectors domain shape refers to the shape of the sampling grid in reciprocal space. It 

determines how the in-plane wavevector components ( � �) are arranged and how many 

diffraction orders are considered during the simulation. This setting controls how the spatial 

harmonics (Fourier modes) are selected and organised. It corresponds to the  -vectors in 

the   and y directions discussed in Section 2.1.1 and directly affects both the simulation 

accuracy and computational cost. Generally, for structures with low spatial anisotropy, the 
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circular domain is most commonly used and tends to converge the fastest. The maximum 

number refers to the total number of spatial harmonics (diffraction orders) used in the Fourier 

expansion, corresponding to the harmonic number  in Section 2.1.1. 

 

Figure 3-6. Screenshot of RCWA source/results configuration. (a) Excitation source definition settings. (b) 

Results to be recorded settings.  

Finally, it is necessary to define the incident angle and azimuthal angle of the incoming 

wave as shown in Figure 3-6. Although the azimuthal angle was not considered in the earlier 

derivations, it only introduces an azimuth-dependent correction in the calculation. By setting 

both the incident angle and azimuthal angle, it is possible to simulate complex TE/TM 

definitions under oblique incidence. 

The Frequency Sampling Spacing and Range determine the frequency range and 

resolution of the simulation. After the RCWA calculation, the variables shown in Figure 3-

6(b) can be selectively recorded. Generally, the main focus is on: 

Grating Power: related to total energy, used for calculating transmission and reflection 

coefficients. 

Grating Characterisation: includes detailed transmission matrix data, such as the 

amplitude and phase of both co-polarisation and cross-polarisation components in 

transmission and reflection. 
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3.2.2 Finite-Difference-Time-Domain (FDTD) method 

3.2.2.1 Overview of FDTD 

The key advantage of FDTD method lies in its time-domain nature that enables broadband 

electromagnetic response analysis through a single simulation. This makes it well-suited for 

scenarios such as nonlinear response enhancement, and other applications requiring 

broadband spectral characterisation of metasurfaces. FDTD method was first proposed by K. 

S. Yee in 1966[178]. The idea of FDTD method is to discretise the differential form of 

Maxwell’s equations using finite differences, applying a central difference scheme to 

represent the first-order partial derivatives of electric/magnetic field quantities in space and 

time. By discretising the continuous spatial and temporal domains into a meshed grid and 

incorporating proper boundary conditions, FDTD method transforms the continuous 

electromagnetic problem into a discrete difference equation solving problem, enabling 

numerical simulation and computation of electromagnetic fields[179, 180]. 

The successful implementation of the FDTD method depends on three key aspects, which 

will be introduced in this section: 

I. Finite-difference Discretisation: This refers to the choice of finite-difference 

expressions for both the spatial and temporal derivatives in Maxwell's equations, 

which forms the foundation of the numerical model. 

II. Numerical Stability: It is crucial to ensure that the selected time and space steps 

meet stability conditions to avoid inaccuracies or numerical instability in the 

simulation results. In software platform, various parameters in FDTD simulation 

settings  

III. Boundary Conditions: This involves handling the simulation domain boundaries in 

a way that allows electromagnetic waves to reflect and propagate correctly within 

the domain, while minimizing unwanted reflections and edge effects. 

These three components are fundamental to the FDTD method and play a vital role in the 

accurate and efficient simulation of electromagnetic fields. The following section will briefly 

introduce each of these aspects. 

3.2.2.2 Finite-difference Discretisation 

For a non-magnetic, isotropic medium, the curl forms of Maxwell’s equations are: 

�  
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Where  refers to magnetic field vector,  is electric field vector,   is permittivity of the 

medium, � refers to permeability of free space (here non-magnetic medium is discussed), 

 refers to electric current density vector, and  is electrical conductivity. 

In broadband FDTD simulations, material dispersion   is an issue that requires particular 

attention. In Lumerical, dispersion is handled using a so-called multi-coefficient model 

fitting approach, in which frequency-domain data of   are converted into a time-domain 

response that can be evaluated recursively. Although Lumerical does not explicitly disclose 

the underlying algorithm (as a commercial proprietary implementation), it is widely 

recognised that incorporating dispersion introduces additional computational overhead [181]. 

 

Consequently, for materials that exhibit very weak dispersion across the simulated band (e.g., 

refractive-index variations below ~0.1), the polynomial fitting—under Lumerical’s default 

tolerance—often converges towards an effectively constant response anyway. For this reason, 

much of the literature adopts a constant refractive index for low-dispersion materials within 

the band of interest as a more efficient and sufficiently accurate approximation; examples 

include silica in the visible (RI ≈ 1.46) and CaF₂ in the mid-infrared (RI ≈ 1.4). 

In Cartesian coordinates, equations (3.25) and (3.26) can be rewritten into Faraday’s Law 

form: 
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And Ampère–Maxwell Law form: 
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Next, equations (3.27) and (3.28) are discretised using finite-difference methods. For any 

point (   in a Cartesian coordinate system, within an infinitesimally small region 

centred at that point, the electric and magnetic fields can be considered approximately 

constant. Let  represent a specific component of either  or , after discretising 

in both time and space domains,  can be expressed as: 

�(�,�,�)  

Where  are indices in the  directions respectively,   is the time step index, 

 , are the spatial step sizes,   is the temporal step size, �(�,�,�)   represents the 

value of the field component at grid point   at time step  . The finite-difference 

expressions for the first-order partial derivatives with respect to space and time can be 

written as follows: 
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Figure 3-7 illustrates the spatial distribution of electric and magnetic field components after 

FDTD discretisation, commonly referred to as the Yee cell. In this structure, each 

electric/magnetic field component is surrounded by four corresponding magnetic (or electric) 

field components. The electric field components 풙 풚 풛 are positioned along the edges 

of the cell, while the magnetic field components 풙 풚 풛 are located at the centres of the 

corresponding faces. Each field component is staggered in space by half a grid step relative 

to the others, enabling accurate coupling through Maxwell’s curl equations..  

By sampling the electric and magnetic fields at staggered intervals—specifically offset by 

half a time step—and substituting these samples into Maxwell’s curl equations, a set of 

explicit finite-difference equations can be derived. These equations enable time-domain 

iterative solving of the electromagnetic fields. Using the known values of the electric or 

magnetic field at the previous time step, the corresponding magnetic or electric field at the 

next time step can be calculated. This spatial sampling strategy for field components not 
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only facilitates accurate finite-difference solutions of Maxwell's equations, but also 

effectively preserves the physical characteristics of electromagnetic wave propagation. 

 

Figure 3-7 Spatial distribution of electric 푬 and magnetic 푯 field components in a Yee cell used in FDTD.  

 

Figure 3-7 illustrates the Yee cell and visualises the update process of the electromagnetic 

fields. The Yee cell achieves this by spatially staggering the components of  and . The 

FDTD method updates the fields in a time-staggered order—first updating the magnetic field 

based on the known electric field, and then updating the electric field based on the updated 

magnetic field. Each component update uses the surrounding circulating field values, based 

on the discretised form of the curl equations. Given the initial fields and boundary conditions, 

the propagation of electromagnetic waves can be computed step-by-step in time domain. For 

example, the update of 풙 can be derived from equations (3.30)– (3.31) as follows: 
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3.2.2.3 Numerical Stability 

Unlike the RCWA method which obtains an analytical solution, FDTD obtains numerical 

solutions by discretising and iteratively solving Maxwell’s curl equations. In FDTD 

simulations, convergence and stability are the most critical considerations, as they determine 

whether valid and meaningful results can be obtained. Convergence refers to the property 

that, as the discrete time step approaches zero, the solution of the finite-difference equation 

at any point in space and time approaches the exact solution of the original differential 

equation. Stability refers to the existence of certain conditions on the discretisation intervals 

under which the numerical solution of the difference equation remains bounded in its 

deviation from the exact solution. Lumerical FDTD adopts the Courant–Friedrichs–Lewy 

(CFL) condition that is one of the criteria in numerical analysis for determining the 

stability[182]. Its core idea is that in each time step, the distance over which information 

propagates must not exceed one mesh grid cell. This ensures that electromagnetic waves 

cannot ‘skip over’ adjacent grid points, which would otherwise lead to numerical instability 

such as divergence or oscillation. CFL condition can be expressed as follows: 

� � �
 

The upper limit of the time step is typically denoted as ���. In general, a scaling factor is 

introduced in FDTD simulations to further ensure numerical stability and reduce potential 

discretisation errors. Accordingly, the actual time step used in the simulation is given 

by: ��� . 

Another important consideration in FDTD simulations is numerical dispersion, where the 

propagation speed of electromagnetic waves, dependent on frequency or propagation 

direction, deviates from the actual physical wave velocity and gradually distorts the 

simulated waveform. Unlike physical dispersion (e.g., material dispersion), numerical 

dispersion is a non-physical artifact introduced by discretisation. FDTD uses finite-

difference approximations to represent partial derivatives, and these approximations become 

increasingly inaccurate at higher frequencies or when waves propagate at oblique angles. 

For example, the phase velocity of a wave may vary depending on the direction of 

propagation. The higher the frequency, or coarser the spatial grid, the more significant the 

numerical error becomes. Therefore, refining the mesh in FDTD is not only essential for 
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accurately capturing geometric features, but also for reducing numerical dispersion. A 

commonly accepted guideline is to ensure that the grid size is smaller than  .[181, 183] 

3.2.2.4 Boundary Conditions 

The real world is infinite, but simulation domains are necessarily finite—otherwise, infinite 

computational resources would be required. Moreover, in most cases, large portions of space 

are not of interest in the simulation. Specific boundary conditions therefore must be applied 

at (or even within) the boundaries of the finite simulation domain to truncate the 

computational space and reduce the computational resources required. Improper boundary 

settings can result in unreliable results, such as artificial reflections caused by boundary 

layers. In Lumerical FDTD, commonly used boundary conditions include Perfect Electric 

Conductor (PEC), Periodic Boundary Conditions (PBC), Perfectly Matched Layer (PML), 

as well as symmetric and antisymmetric boundary conditions. 

 Perfect Electric Conductor (PEC): At PEC boundaries, the tangential electric field 

satisfies 퐭퐚퐧퐠퐞퐧퐭   and the magnetic field is normal to the boundary. This 

condition is commonly used to model ideal metal reflectors. In Lumerical FDTD, 

such condition can be applied either in boundary condition settings or in material 

settings. 

 Periodic Boundary Condition (PBC): PBC enforces periodic repetition of field 

distributions on opposing boundaries and are typically applied when simulating 

periodic structures, such as metasurface and photonic crystals. 

 Perfectly Matched Layer (PML): PML is currently the most widely used and 

effective absorbing boundary condition. A layer of artificial material is added outside 

the simulation domain to absorb outgoing waves without reflection, preventing them 

from reflecting back into the simulation region.  

 Symmetry Boundary Conditions: These include symmetric and antisymmetric 

boundaries. The two symmetry boundary types are summarised in Table 3-1, and are 

primarily applied to nanophotonic structures exhibiting spatial symmetry, typically 

corresponding to symmetric electromagnetic responses. For an electromagnetic field 

that exhibits mirror symmetry, symmetric or antisymmetric boundary conditions can 

be imposed along the symmetry axis to effectively reduce the simulation domain by 

half, thereby significantly saving computational resources. 
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Table 3-1 Electric and magnetic field settings for symmetric and anti-symmetric boundary conditions 

respectively. 

 

 

3.2.2.5 Ansys Lumerical FDTD Setup 

 

Figure 3-8 FDTD Simulation setup overview. 

 

The setup of Ansys Lumerical FDTD primarily consists of three key components, as shown 

in Figure 3-8: the FDTD Region, Monitors, and Source. Among these, the most critical 

component is the FDTD Region, which contains five advanced configuration tabs, as 

illustrated in the upper side of Figure 3-8. In the simulations of periodic metasurface 

structures, a fundamental principle is that both the Source and Monitor should extend beyond 

the boundaries of the FDTD Region. The simulation engine will automatically truncate these 

objects to fit within the region and apply the specified boundary conditions accordingly. 

 Symmetric  

Boundary Condition 

Anti-symmetric 

 Boundary Condition 

normal electric field Non-zero 0 

tangential electric field 0 Non-zero 

normal magnetic field 0 Non-zero 

tangential magnetic field Non-zero 0 
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Moreover, when calculating far-field transmission and reflection, it is essential to position 

the source and monitors at least one wavelength away from the metasurface. This ensures 

the exclusion of any evanescent near-field components, which could otherwise interfere with 

the accuracy of the far-field analysis. As for configuring the FDTD Region, the two most 

important aspects are the Mesh Settings and the Boundary Conditions, whose key attributes 

are shown in Figure 3-9. 

 

 

Figure 3-9 Screenshot of user interfaces of (a) mesh settings tab and (b) boundary conditions settings tab  

 

Figure 3-9(a) shows the Mesh Settings panel. The Mesh accuracy setting controls the 

fineness of the mesh grid. In general, higher mesh accuracy leads to finer discretisation and 

improved numerical precision/stability, as discussed previously in Section 2.2.2. However, 

in 3D simulations, increasing mesh resolution can cause a substantial rise in computational 

size and cost. Therefore, convergence testing is often necessary to ensure that the chosen 

mesh level provides sufficient accuracy without excessive resource usage. The dt stability 

factor corresponds to the scaling factor introduced in Section 2.2.2. Its default value is 0.99 

in the software. Reducing the scaling factor improves numerical stability but also increases 

the total simulation time. The Mesh refinement option is typically set to the default value 
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"conformal variant 0". Lumerical's Conformal Mesh Technology (CMT) uses a rigorous 

physical description of Maxwell's integral equations near interfaces between two materials 

that is able to incorporate Lumerical's Multi-Coefficient Materials[184]. The CMT can handle 

interfaces between arbitrary dispersive media. In general, this provides greater accuracy for 

a given mesh size or make it possible to run jobs much faster without sacrificing accuracy. 

When metal structures are present in the simulation, it is recommended to switch this setting 

to 1 for better accuracy. Figure 3-9(b) illustrates the Boundary Conditions settings. For 

Perfectly Matched Layers (PML), users can manually conFigure advanced properties such 

as the number of layers, PML type, and profile shape. As shown in the Figures, periodic 

boundaries are typically set in the x and y directions for 2D metasurface, while PML 

boundaries are used in the z (propagation) direction. 

 

 

3.2.3 Finite Element Method with COMSOL 

3.2.3.1 Overview of FEM  

 

Physical laws involving both space and time are typically described by partial differential 

equations (PDEs). In most cases, approximate models can be constructed by applying 

various discretisation schemes, which transform the original PDEs into numerical model 

equations that can be solved using computational methods. The solutions to these numerical 

models then serve as approximations to the true solutions of the original PDEs. 

The finite element method (FEM) is one such approach designed to compute these 

approximate solutions. In the context of electromagnetic field problems, FEM relies on the 

variational principle, solving a weak formulation of Maxwell’s equations to obtain a finite 

element solution. FEM is fundamentally different from the FDTD method, even though their 

software implementations may share several operational similarities—for example, spatial 

domain discretisation, and the use of boundary conditions to truncate the simulation region. 

To clarify the distinctions between these two methods and highlight the core principles of 

FEM, Table 3-2 provides a side-by-side comparison between FEM and FDTD. 

 

 



79 

 

 FEM FDTD 

Basic Principle Transforms the problem 

into a variational (weak) 

form and solves it using 

basis function expansions 

Directly discretises 

Maxwell’s curl equations in 

time and space using finite 

differences 

Form Weak form 

(integral formulation with 

basis functions and 

weighted residuals) 

Strong form 

(directly discretizes the 

differential equations) 

Field Values representations Fields are treated as 

continuous functions and 

expanded using basis 

functions within each 

element 

 
Field values ( or ) are 

directly represented at 

discrete grid nodes 
 

Table 3-2 Comparison of FEM and FDTD from theoretical basis. 

 

3.2.3.2 Workflow of FEM 

FEM is not the primary simulation method used in this research; it is employed as a 

supplementary tool to support certain results. Therefore, this section provides only a brief 

overview of the basic workflow of the FEM. FEM can be interpreted as consisting of the 

following key steps: 

I. The computational domain is divided into many small, non-overlapping 

subregions, referred to as finite elements or mesh elements. 

II. Within each element, the solution is approximated using local basis functions. 

III. The governing partial differential equations are then expressed in their weak form 

and discretised over each element to obtain local element matrices. 

IV. These local matrices are subsequently assembled into a global system matrix, 

which is then solved to obtain the numerical solution. 

Here the governing partial differential equation mainly refers to the frequency-domain 

Maxwell's equation for the electric field in a linear, isotropic, and source-free medium: 
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Equation 3.34 is also referred as the curl-curl form of the frequency domain Maxwell’s 

function. Basis functions (also referred to as shape functions in COMSOL) are mathematical 

functions used to approximate the distribution of physical fields. They represent a continuous 

field within each small finite element as a linear combination of local functions. In 

electromagnetic simulations, curl-conforming basis functions—also known as edge 

elements (Nédélec Edge Elements)—are commonly used. This is because the formulation in 

Equation (3.34) involves the curl operator, which requires appropriate treatment of field 

continuity. These edge-based basis functions ensure tangential continuity of the electric field 

across element boundaries, while allowing for possible discontinuities in the normal 

component. Compared to standard nodal basis functions, they provide a more physically 

accurate representation of the electric field behaviour in FEM calculations. 

 

3.3 Comparison of the three methods 

3.3.1 Features of the methods 

Based on extensive experience, the characteristics of several electromagnetic simulation 

methods available in commercial software for metasurface analysis are summarised, as 

shown in Table 3-3. 

Method characteristic RCWA FDTD FEM 

Solution Type 

 

Semi-analytical Numerical Numerical 

Single band Speed 

 

Fastest Fast Fast 

Broadband Speed 

 

Fastest Moderate Slow 

Oblique Angle-incidence Speed 

 

Fastest Slow Slow 

High-Q resonance Speed 

 

Fastest Not Suitable Moderate 

Finite-size Calculation Speed 

 

No Fastest with GPU Fast 

Eigenmode Calculation No No Yes 
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Polarisation Conversion 

Calculation 

Only Linear 

Polarisation 

Complex Yes, for Linear 

and Circular 

Metal Calculation Convergency Low, needs 

modification 

Good Good 

Nonlinearity Calculation 

 

Not Suitable Yes Yes, but slow 

Multipole Expansion Calculation 

 

Not Suitable Yes, but complex Yes 

Table 3-3 Comparison of electromagnetic simulation methods used in this work. 

 

The characteristics listed in the table are defined and explained below: 

 Solution Type: The type of solution, mainly divided into analytical and numerical 

solutions. The solution provided by RCWA is approximately analytical, from which 

the transmission and reflection of metasurfaces are obtained directly through 

analytical formulas. When considering the solution under finite diffraction orders and 

limited in-plane mesh numbers, it is not a fully analytical solution, and it is referred 

to as “semi-analytical”. For the same number of in-plane mesh elements, RCWA 

offers the fastest and most accurate computation compared to the other methods. 

 Single-Frequency Speed: The computational speed for electromagnetic response at a 

single frequency (i.e., single-wavelength illumination). In this case, the incident 

wave is a Dirac delta function in the frequency domain. Owing to its semi-analytical 

nature, RCWA is a lot faster than FDTD and FEM in single-frequency calculations, 

while the latter two have comparable speeds in such calculation. For instance, RCWA 

field monitor for single-wavelength electric field or magnetic field distribution 

calculation will take seconds in RCWA while might take hours for FDTD. The actual 

speed is task-related, but generally it took less than a second for RCWA simulation 

for mode-profiles for single-wavelength, seconds/minutes for FEM, while 

minutes/hours for FDTD. The tested hardware was using 24 core CPU Intel Core 

13900 with 128GB RAM. 

 Broadband Speed: Computation under broadband illumination. Because of its 

advantages in single-frequency computation, RCWA remains significantly faster 

than other methods. FEM, on the other hand, conducts multiple single-frequency 
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simulations rather than time-domain computation like FDTD, making it the slowest 

in this context. 

 Oblique Angle-incidence Speed: Computation of electromagnetic response under 

oblique incidence. Angular dispersion of metasurfaces is one of the most important 

aspects to consider. Again, owing to its analytical formulation, RCWA only requires 

oblique-angular corrections of the incident wave to obtain angular dispersion, thus it 

is much faster than FDTD and FEM in this regard. 

 High-Q Resonance Speed: Computation speed of the spectral response of 

metasurface with high quality factor (high-Q) resonances. In time-domain 

simulations, it is necessary to wait for the resonance energy to decay. Since for high-

Q resonances the energy dissipation in the simulation is inherently slow, the 

convergence of the FDTD calculation is also slow, thus FDTD is not suitable for 

high-Q calculations. RCWA and FEM each have their own advantages for high-Q 

calculations: RCWA is fast, while FEM can directly compute the Q-factor owing to 

its inherent nature: since FEM solves the weak form of Maxwell's equations 

discretised into matrix eigenvalue problems it directly computes the real and 

imaginary parts of eigenfrequencies. The real part is the eigenfrequency, while the 

imaginary part is the Q-factor — both parameters that we often aim to extract from 

the spectral response. 

 Finite-size Calculation Speed: Computation for metasurfaces with finite dimensions. 

For nonlocal metasurfaces, the size of the metasurface becomes an important 

consideration[46, 185]. In the extreme case of   unit cell, collective resonance 

modes do not exist. On the other extreme, with an infinite number of unit cells—

implied by periodic boundary conditions—a nonlocal metasurface reaches an ideal 

infinitely periodic state, where each unit cell is equivalent. However, it is impossible 

to fabricate an infinitely large metasurface in reality. Determining the minimum 

number of unit cells or the size beyond which the spectral response begins to 

converge thus becomes an important issue. RCWA is based on Fourier expansion and, 

in principle, does not support simulations of metasurfaces with finite size. FDTD and 

FEM, however, can achieve such finite-size simulations simply by removing the 

periodic boundary conditions. Notably, Ansys Lumerical versions from 2024 onward 

have added GPU interfaces for electromagnetic computation with non-periodic 

boundaries. Similar to how GPUs accelerate deep learning[186, 187], using GPU can 
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significantly (by more than 10,000 times, depending on GPU performance) increase 

the computational speed compared to CPU-based simulations. 

 Metal Calculation Convergency: When devices involve plasmonic modes supported 

by metals, computational stability is affected. This is because of the existence of 

evanescent waves of surface plasmon polariton (SPP) modes at the metal–dielectric 

interface, which can result in false reflection/transmission, or incorrect absorption 

spectra[188]. The transfer matrix in Section 2.1 must be corrected to mitigate the 

influence of evanescent field. Ansys Lumerical RCWA performs poorly in this 

respect. For simulations involving plasmonic modes, FDTD or FEM should therefore 

be used instead of RCWA. 

 Nonlinearity Calculation: Computation of optical nonlinear effects. While in 

principle the framework of RCWA can be extended to include nonlinear effects[173, 

189], the RCWA is generally considered not suitable for calculation of optical 

nonlinearities, with FDTD and FEM preferred. Both FDTD and FEM support 

flexible definitions of nonlinear permittivity. When using FDTD for nonlinear 

simulations, one must define a custom time-domain pulse shape. Owing to time-

domain nature, FDTD maintains higher computational efficiency than FEM in non-

linear optics calculation. 

 Multipole Expansion Calculation: When analysing the far-field contributions of 

resonances, multipole expansion is a commonly used method[190-192]. The FEM 

method in COMSOL supports user-defined regions and arbitrary-order multipole 

expansions, making it highly capable for such analysis. 

 

Based on the above experience and the official software documentation, the use of the 

methods can be concluded as: 

 RCWA (Ansys Lumerical): Extremely suitable for spectral calculations of all-dielectric, 

high-Q non-local metasurfaces, including both normal and oblique incidence. It is 

particularly well-suited for computing the transmission efficiency and phase of Huygens-

type metasurface unit structures. It is not suitable for the simulation of non-periodic 

structures (such as the spectral and phase response of finite-aperture metasurfaces). 

Therefore, the RCWA method in Lumerical is our primary tool for analysing the 

transmission and reflection amplitudes, phase, and linear polarisation conversion of 

dielectric metasurfaces. 
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 FDTD (Ansys Lumerical): A numerical method suitable for low-Q spectral calculations 

involving metallic plasmonic modes, under both normal and oblique incidence. For 

broadband oblique incidence, broadband sources cannot be directly used; the built-in 

BFAST source must be used, or a single frequency with multi-angle scan must be 

performed. Under non-periodic boundary conditions, GPU-accelerated computation is 

available, which greatly enhances simulation speed, making it especially suitable for 

finite-size metasurface calculations. However, for ultra-high-Q resonances, convergence 

is very difficult to achieve, thus FDTD is not suitable for simulating such cases. 

 FEM (COMSOL Multiphysics): A numerical method suitable for electromagnetic 

response calculations of arbitrary Q values and arbitrary materials, including both 

dielectrics and metals. Because it allows convenient definition of custom partial 

differential equations and desired physical parameters, it is particularly suitable for 

advanced physical parameters computations, such as calculating polarisation conversion 

efficiency, phase, and performing multipole decomposition. Additionally, FEM supports 

the most flexible meshing, making it capable of generating more accurate mesh grids for 

irregular geometries (regular refers to shapes such as square, rectangular, or circular 

shapes). 

 As detailed in chapter 4,5 and 6, this project involved simulations of both metallic and 

dielectric metasurfaces. The RCWA methods was mainly used for angular resolved 

transmission/reflection spectrum, while the FEM methods were used for eigenfrequency 

calculations. FDTD is used for verification and spectral response simulation for 

structures involving metals. 

3.3.2 A simulation example using the three methods 

To visualise the difference of the methods, especially in terms of the computational time, 

two examples are shown in this section. However, for FDTD, RCWA and FEM, the meshing 

strategy and convergence criteria varies a lot. The comparison is therefore not completely 

fair, but the computational time magnitude can be well estimated. The computer used for the 

simulation was equipped with following hardware configurations on my personal PC: CPU 

= AMD Ryzen 5 7600. GPU = NVIDIA RTX 3060 12GB. RAM = Crucial 32GB 5200MT/s. 

Such configuration is a regular personal PC; the simulations are therefore expected to be 

faster on high-performance PCs. 
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A simple symmetry-breaking structure that contains a q-BIC feature in the spectrum was 

simulated using three methods. In FDTD and RCWA, the in-plane mesh cell numbers are 

kept the same as , and the free tetrahedral mesh size in COMSOL is kept smaller than 

  for meta-atom area. The x-y view of the mesh results is shown in Figure 3-10(b). 

RCWA and FDTD have same in plane mesh grids and therefore only RCWA is shown. 

Symmetric conditions were applied in FDTD and FEM to fasten the simulation but not 

shown here for clearer visualisation. Spectral sample points intervals are the same. The 

simulated transmission spectrum is shown in Figure 3-10 (c). 

 

 

Example: Broadband transmission spectrum simulation 

Table 3-4 Time consumption comparison between CPU/GPU based FDTD and CPU-based RCWA/FEM for 

broadband simulation. 

 CPU time GPU time Autoshut level Criteria 

FDTD 1034s 314s 1e-6 

RCWA 4.8s   

FEM 5822s   

 

Table 3-4 shows the time used when the simulation reaches the convergence criteria. It is 

worth noting that as the meshing of FEM is more flexible and better represents the geometry 

of the meta-atom, the mesh size of FEM can be set much larger to  and obtain similar 

results only using 600 seconds (here it was set smaller to be comparable to FDTD), while it 

still took double the time than GPU-FDTD. In this example, RCWA shows different level of 

speed with almost same results with FEM.  

It can be seen in the simulated spectrum in Figure 3-10(c) that the convergence of the FDTD 

for such high-Q resonance is the worst, as it contains damping energy, showing spikes on 

the spectrum. The resonance centre differs between FDTD and RCWA, while RCWA and 

FEM shows identical resonance wavelength. The difference in spectrum results among the 

methods mainly originates from the meshing strategy around the interfaces. From this 

example, it is not difficult to see that for high-Q resonance simulations, FDTD is rather 

unsuitable in terms of both accuracy and efficiency. Admittedly, with the aid of GPU, the 
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disadvantage in efficiency has been largely remedied; however, the accuracy does not 

necessarily improve, unless a finer mesh and a smaller autoshut level are employed – which 

in turn would substantially increase the computational cost.  

 

Figure 3-10 A simulation example (quoted from chapter 5 of this thesis). 

 

3.4 Nanofabrication based on EBL and Dry-etch 

In this section, the fabrication of metasurfaces based on electron beam lithography and dry 

etching will be introduced. 

3.4.1 EBL for mask definition 

3.4.1.1 Overview of EBL 

To define a pattern in a material at the micro- or nano-scale, first the sample is coated with 

a substance called “resist”, whose molecular structure changes upon illumination with UV 

light (in photolithography) or with a beam of electrons (in electron beam lithography). Once 

the desired pattern is defined in the resist, it is usually transferred to the underlying material 

through etching techniques.    

The metasurfaces involved in this research are single-layer structures, with unit cell sizes 

mostly ranging from several hundred nanometres to 2 micrometres. The James Watt 

Nanofabrication Centre (JWNC), the main cleanroom at the University of Glasgow, has 
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photolithography tools with maximum resolution of approximately 1 µm, and electron beam 

lithography (EBL) tools whose resolution can achieve few nm. Because of the requirements 

of metasurface fabrication that has dimensions smaller than 100nm, EBL was preferred for 

pattern definition, while photolithography in JWNC was not used in this research. EBL uses 

a highly focused electron beam with an extremely short wavelength to directly expose and 

write micro/nanostructures on the surface of an electron-sensitive resist, in accordance with 

the design pattern. EBL systems offer high resolution (with a minimum feature size <10 nm) 

and flexible patterning (direct writing without the need for a mask). The main drawbacks of 

EBL include low exposure throughput and complex process control, and for these reasons 

EBL is mostly used in mask fabrication, advanced prototype development, and nanoscale 

scientific research. 

At JWNC, the EBL workflow involves users designing the pattern to be transferred onto the 

resist, setting parameters for the beam scanning process, spin-coating the resist onto the 

sample, and submitting it to staff for placement and coarse alignment. The Raith EBPG5200 

system then performs the writing process based on the user-defined parameters. This process 

is summarised in the schematic diagram shown in Figure 3-11. 

 

Figure 3-11 Schematic workflow of preparing a sample for EBL in JWNC. 

3.4.1.2 Components of EBL  

EBL is a prime example of a modern maskless resist exposure system. It utilises a high-

energy electron beam for direct pattern writing, transferring designed structures onto an 

electron-sensitive resist layer. The electron beam has an extremely short wavelength. For 
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example, the de Broglie wavelength of a 100 keV electron beam, without relativistic 

correction, can be estimated as: 

�
 

Where � is the mass of the electron, and  is the plank constant. Here a often-used constant  
�

�����
�
�

is applied for quick estimation. The diffraction limit is therefore 

not a primary factor to consider in EBL. Instead, the achievable resolution is predominantly 

limited by factors such as aberrations in the electron optical system, electron scattering 

within the resist, and backscattering from the substrate. These effects constrain the resolution 

limit to approximately 10 nm. Consequently, designing pattern features with dimensions 

below this threshold offers limited practical benefit. The primary advantage of EBL in 

research settings lies in its direct-write capability, which eliminates the need for photomasks 

as required in deep ultraviolet (DUV) lithography. 

A typical EBL writer system is detailed in Figure 3-12. Its structure closely resembles that 

of a scanning electron microscope (SEM). 

 

Figure 3-12 Schematic illustration of the key components in an EBL writer system. 
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The field-emission electron gun is responsible for generating a high-brightness, highly stable 

electron beam, which is then accelerated by an accelerator. In the EBPG system at JWNC, 

the default beam energy is 100 keV. The electron beam is subsequently shaped and focused 

by alignment coils and lenses. The blanking system employs deflectors to deflect the beam 

to blocking positions, effectively switching it off when scanning over non-patterned regions. 

The aperture in the system controls the beam spot size and blocks off-axis electrons. In 

general, the theoretical beam spot size on the sample is determined by a combination of the 

aperture size and the beam current. At the base of the system, the sample stage is a high-

precision, nanometre-scale positioning platform controlled by an interferometer. 

3.4.1.3 Job preparation 

The final file read by the EBL writer is a vendor-specific project file format, which includes 

both the pattern data and the writing parameters. In the Raith system, this project file has an 

extension .cjob, and it is generated using software tools Layout Beamer and Cjob. 

From the user's perspective, the primary task is pattern definition. Non-local metasurfaces 

typically consist of periodically repeated unit cells, so the design process generally starts 

with defining a single unit, which is then replicated into an array. This workflow can be 

accomplished through a graphical user interface (GUI) in commercial software such as LEdit. 

However, LEdit is relatively expensive, and its user base is limited compared to many free 

open source software. In this research, pattern definition is carried out using KLayout, which 

offers significant advantages, most notably, the ability to define patterns programmatically 

via Python scripting, including parametrised control over unit cell repetition. This approach 

greatly facilitates design adjustments and is particularly essential for tasks in this work that 

require large-scale pattern generation through code. The relevant code used in this research 

is provided in the appendix and will be discussed in detail in subsequent chapters. The 

defined patterns are stored in the GDSII format, which remains the most widely used 

standard. GDSII, short for Graphic Design System, is a data format used for the exchange 

of integrated circuit or layout data in Electronic Design Automation (EDA). Although the 

more advanced OASIS format offers advantages across nearly all aspects, GDSII is still the 

mainstream choice within the industry. Considering that it is straightforward to move 

between GDSII and OASIS formats, and that all software used in this work is compatible 

with both, the two formats will not be explicitly distinguished and will be considered 

equivalent in the following. 
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Once the pattern is defined, it is processed using Beamer, a software developed by GenISys, 

to convert the file into GPF (General Pattern Format) format, which is recognised by the 

Raith system. In Beamer, users can define parameters such as the relative dose distribution 

and step size used during the writing process. The absolute dose value will be defined within 

the Raith CJob software. 

3.4.1.4 Sample preparation 

The metasurface functional layers studied in this work generally consist of one or more thin 

films deposited on a transparent substrate with a low refractive index. Another promising 

material platform, Ge-on-Si, has attracted considerable attention in recent years, particularly 

for detectors and absorbers operating from the near-infrared into the short-wavelength mid-

infrared[193, 194]. In the present case, the primary objective is to make transmission-mode 

devices, and a large refractive-index contrast between the meta-atoms and the substrate is 

desired in order to maximise the modulation efficiency for a given thickness. Accordingly, a 

low-index substrate such as CaF₂ represents a more suitable choice in this example. By 

contrast, for reflective and/or absorptive metasurface designs, Ge-on-Si remains a 

compelling option. 

These films may be either metallic or dielectric and thus require specific deposition tools to 

achieve epitaxial growth. The JWNC is home to several electron beam (E-gun) metal 

evaporators which were used for metals and germanium. For dielectric materials such as 

SiNₓ and SiO₂, plasma-enhanced chemical vapour deposition (PECVD) was used instead. 

After the film deposition, bake-out and resist spin-coating are performed. The spin-coating 

process ensures the resist layer is both thinned and uniformly distributed. This is followed 

by a secondary bake to remove any potential bubbles or residual solvents within the resist. 

The patterns written by EBL are not directly transferred to the functional layer of the 

metasurface but are first written into a resist layer. Electron beam-sensitive resists operate 

on a principle similar to that of conventional photoresists, except that the exposure source is 

an electron beam rather than UV light. The electron beam changes the molecular structure 

of the resist. Depending on the so-called “tone” of the resist, the electron beam either makes 

it soluble in a particular solvent (called developer) in the exposed areas or cross-links the 

resist molecules and prevents dissolution in the exposed areas. In the former case the resist 

is known as a “positive tone” resist, while the latter is a “negative tone” resist. 
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The tone of the resist must be known when designing the pattern, since in positive resists the 

exposed areas are dissolved and removed but in negative resists the exposed areas remain, 

effectively producing an inverse pattern. Common positive resists include Polymethyl 

methacrylate (PMMA), a 1:1 copolymer of α-chloromethacrylate and α-methylstyrene 

commercially known as ZEP, and Chemical Semi Amplified Resist (CSAR), all of which are 

organic polymers. Upon electron beam exposure, the irradiated regions become more soluble 

in certain solvents and can be easily removed. The unexposed regions remain, serving as 

masks for subsequent chemical or physical etching processes — hence the term “resist”.  

Among these, PMMA is the most widely used and cost-effective resist, although it exhibits 

poor resistance under certain high voltage/high power dry etching conditions. CSAR and 

ZEP are generally considered more suitable for high-energy etching environments. 

The most commonly used negative resist is Hydrogen silsesquioxane (HSQ), which enables 

high-resolution pattern definition under high exposure doses. However, it is difficult to 

remove, requires complex development procedures, and is expensive and sensitive to storage 

conditions. In this work, only positive resists are used. Similar to photolithography, EBL 

requires a development step to remove the exposed regions of the positive resist. The 

development process involves the use of specific solvents to dissolve selected areas of the 

resist, allowing the transferred pattern to be accurately revealed. The specific developers 

used in this study will be detailed in later sections. 

3.4.2 Reactive Ion etching based pattern transferring 

Once the defined pattern is transferred onto the resist, the resist can then act as a mask for 

subsequent etching, allowing the pattern to be transferred onto the functional thin film to 

form the metasurface. Etching techniques can be broadly classified into two categories: wet 

etching and dry etching, depending on whether liquid-phase chemical reagents are involved. 

Wet etching relies on chemical solutions to etch the material, and is generally isotropic, that 

is it etches at the same rate in all directions. However, for certain crystalline materials, 

anisotropic etching can be achieved by exploiting differences in the etch rates of different 

crystal planes[195, 196]. Wet etching is inexpensive and simple to implement, but it is difficult 

to precisely control the sidewall profile and reaction time. Dry etching, by contrast, uses 

gaseous species or plasma under high-vacuum conditions to achieve etching through 

chemical reactions and/or physical ion bombardment. It allows precise control over etching 

conditions through the regulation of gas flow and reaction-by-product removal, but care has 
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to be taken to ensure ion bombardment and reaction byproducts do not result in material 

damage and contamination, respectively , highly anisotropic dry etch can be achieved by 

introducing inert gases to enhance directionality or by depositing sidewall passivation layers 

to protect against lateral etching. A detailed comparison of wet and dry etching methods is 

summarised in Table 3-4. 

Aspect Dry etching Wet etching 

Etching Medium 
Gas phase / plasma (e.g. 

Cl₂, SF₆, O₂) 

Liquid chemicals (e.g. HF, 

KOH, HCl) 

Etching Principle 

Physical and/or chemical 

interaction of ions and 

radicals in plasma 

Chemical reaction between 

material and liquid etchant 

Anisotropy 
Highly anisotropic (vertical 

profiles achievable) 
Mostly isotropic 

Etch Precision 
High; suitable for nm-scale 

features 

Lower; undercutting is 

common 

Equipment Requirement 

High (requires vacuum 

systems, plasma sources, 

RF power) 

Low (simple chemical 

baths) 

Etch Rate 
Moderate to fast; highly 

controllable 

Usually fast, but less 

controllable 

Material Selectivity 
Adjustable via gas 

chemistry and parameters 

Often great, depending on 

chemical selectivity 

Typical Applications 

Metasurfaces, FinFETs, 

photonic crystals, hard 

masks 

MEMS structures, 

sacrificial layer removal, 

isotropic bulk etching 

Table 3-5 Comparison between dry-etching and wet-etching. 
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Based on the characteristics listed in the table above, this research mainly uses dry etching. 

The use of dry etching includes two main steps: the transfer of patterns from the resist mask 

onto the functional thin film, and the subsequent oxygen-based removal of the residual resist. 

The two types of dry etching used in this work are Reactive Ion Etching (RIE) and 

Inductively Coupled Plasma (ICP) etching. 

In an RIE etching tool, schematically shown in Fig. 3-13 a, the etching gases are ionised 

under the influence of a single high-frequency electric field, generating a plasma. The active 

species within the plasma (such as ions, electrons, and free radicals) exhibit high chemical 

reactivity and interact with the surface atoms of the target material to form volatile reaction 

products, thus enabling chemical etching. Simultaneously, high-energy ions are accelerated 

in the vicinity of the cathode and bombard the wafer surface vertically. This physical 

bombardment not only enhances the surface chemical reaction rate but also facilitates the 

desorption of the reaction by-products, thereby improving the overall etch rate. The presence 

of ion bombardment allows RIE to achieve anisotropic etching, i.e., directionally selective 

material removal. Inert gases such as argon (Ar) are often added to the gas mixture to further 

enhance the etch directionality. 

ICP etching is a high-density dry etching technique. Compared with conventional RIE, ICP 

offers significantly higher plasma densities, enabling faster and more anisotropic etching, 

along with improved independent control over both the etch rate and directionality. As shown 

in Figure 3-13 b, an ICP system typically employs two separate RF power sources: one 

coupled to the top inductive coil to generate a high-density plasma, and another applied to 

the lower electrode (Bias) to control the ion acceleration energy and bombardment direction. 

This configuration allows users to independently regulate plasma density and ion energy, 

enabling better tuning of etch anisotropy, etch selectivity, and resist durability. It is worth 

noting that, in the actual fabrication process, the ICP system was operated using only the 

lower Bias power, while keeping the ICP (primary) power set to zero. This was because the 

structures involved in this study were relatively shallow (typically <1000 nm) with low 

aspect ratios and no stringent requirements on etch rate. Considerations about structure 

falling and sidewall profile should be taken if the structures have large aspect ratios. On the 

other hand, surface quality of the metasurface layer was a primary concern. Therefore, 

disabling the primary RF source helped to minimise damage to both the resist and the sample 

surface. 
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Figure 3-13. Schematic of key components of (a) RIE etching tool and (b) ICP etching tool. 

The details of the fabrication flow developed to make the metasurface in this research can 

be found in following chapters in chapter 4 and 5. 

 

3.5 Characterisation of metasurface 

The fabricated metasurface were extensively characterised, and this section will introduce 

the main characterisation tools involved. The characterisation of metasurfaces in this 

research focuses on two primary aspects: the first is morphological characterisation, while 

the second is the investigation of the spectral response of the metasurfaces. 

3.5.1 Scanning Electron Microscopy 

For morphological characterisation, given the sub-micron feature sizes involved in the 

metasurface design and fabrication, Scanning Electron Microscopy (SEM) was mainly used. 

The structure of an SEM system is very similar to that of the EBL system described in the 

previous section, and the underlying principles are closely related. Both rely on the 

extremely short wavelength of electrons (as derived in Equation 3.34), which makes the 

diffraction limit negligible compared to visible-light optical microscope systems. As a result, 

SEM can achieve resolution far beyond that of a light microscope. A schematic comparison 

between light microscopy and SEM is shown in Figure 3-14(a). The imaging pathways of 

both systems are conceptually similar; however, in SEM, the imaging medium is not light 

but electrons, and thus, the lenses and detectors are designed specifically for electron optics. 
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Moreover, unlike optical microscopes which use wide-field imaging, SEM operates via a 

scanning probe mechanism. The image is formed by raster-scanning a finely focused 

electron beam across the surface, acquiring signals point-by-point and line-by-line. This 

principle is illustrated in Figure 3-14(b), where the deflection lens and final lens work 

together to steer and focus the electron beam onto different positions on the sample, enabling 

high-resolution image construction. 

 

Figure 3-14 (a) Schematic illustration of the relation between conventional optical light microscope and SEM 

(b) Key components and workflow of SEM. 

In SEM, the primary signal acquisition modes are Secondary Electron (SE) imaging and 

Backscattered Electron (BSE) imaging. Secondary electrons are generated when a high-
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energy incident electron beam strikes the sample surface and undergoes inelastic scattering 

with the electrons in the sample atoms. This interaction excites low-energy electrons from 

the outer atomic shells, which are emitted from the sample as SE. Because of their shallow 

origin and low energy, SEs are highly sensitive to surface topography, making them ideal for 

high-resolution imaging of fine surface structures. 

In contrast, BSEs are produced through approximately elastic scattering. When incident 

electrons interact with the atomic nuclei of the sample without significant energy loss, a 

portion of them is reflected toward the surface. These reflected, high-energy electrons form 

the BSE signal and can indicate the nuclei information. Compared to SEs, BSEs are less 

sensitive to surface morphology and provide lower axial resolution. As a result, SE imaging 

is more commonly used for characterising metasurfaces. Some material can be affected by 

“charging” and need special SEM techniques, such as dielectric and oxides that cannot 

transport electrons smoothly, but charging was not problematic for the metasurfaces in this 

work as the material mainly used are metals and semiconductors (germanium). 

The primary SEM system used in this study at JWNC is the Hitachi SU8200 series, an 

industry-leading Cold Field Emission SEM known for its ultra-high-resolution capabilities. 

Cold field emission involves operating the electron gun in ultra-high vacuum (UHV) and 

cryogenically cooled conditions, offering several advantages: 

 High brightness → Smaller beam spot size, sharper images, especially beneficial at 

high magnification and low accelerating voltages 

 Low energy spread → Improved energy resolution for techniques like EDS (Energy 

Dispersive Spectroscopy) and EELS (Electron energy loss spectroscopy), and higher 

precision in EBSD (Electron Backscatter Diffraction) and crystallographic analysis 

 Narrow beam divergence & small emission source size → Enables ultra-fine probes 

for nanoscale imaging and analysis 

In the SU8200 series, SE signals are collected using two detectors: 

 Upper Secondary Electron Detector [SE(U)] – positioned just above the objective 

lens; ideal for capturing fine surface detail because of proximity to the beam impact 

point. 
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 Lower Secondary Electron Detector [SE(L)] – a conventional Everhart–Thornley 

detector, typically mounted on the chamber wall or below the sample. It provides a 

wider field of view and better sidewall information and is less affected by sample 

charging. However, due to the detector's greater distance from the beam impact point, 

its spatial resolution is generally lower than SE(U). 

In Hitachi SEMs, these two modes can be used simultaneously, and the optimal imaging 

configuration depends on the sample geometry and the desired observation angle. 

3.5.2 Microspectrophotometer 

For the investigation of the spectral response of nonlocal metasurfaces, an important 

experimental technique is the use of a microspectrophotometer.  

A microspectrophotometer refers to a system that integrates a spectral analysis module into 

a conventional optical microscope. This allows for spectral decomposition of light using 

techniques such as grating-based dispersion or Fourier transform spectroscopy. 

The schematic configuration of the microspectrophotometer used in this study is shown 

below: 

 

Figure 3-15 (a) Schematic illustration of a micro-spectrophotometer system working in transmission mode; (b) 

Photograph of the micro-spectrophotometer system used in this work. 

In the visible wavelength range, the microspectrophotometer system employed in this study 

uses grating-based spectral dispersion in combination with a high-performance CCD 
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detector array, enabling simultaneous detection of different frequency components. The 

detection range of such a system primarily depends on the light source and the performance 

of the diffraction grating. For visible light, inexpensive and durable sources such as tungsten 

filament lamps are most commonly used. High-quality grating systems have also become 

commercially available and widely adopted.  

However, for the infrared (IR) spectral range, achieving broad-band detection using 

diffraction gratings presents significant challenges. In such cases, a Fourier-transform 

infrared (FTIR) spectrometer is more commonly used. While the particular FTIR used will 

be discussed in detail in Section 4.3, the following will describe the principles and key 

components of FTIR spectroscopy. 

 

3.5.3 Fourier Transform Infrared Spectroscopy 

The FTIR Spectrometer is a widely used instrument in modern infrared spectral analysis. It 

acquires information about a sample’s absorption, transmission or reflection of infrared light 

through an interferometric process and then reconstructs the corresponding spectrum using 

a Fourier transform of the resulting interferogram. 

The key component of an FTIR system is the Michelson interferometer, and the basic 

structure includes the following elements: 

 Infrared light source: Emits broadband infrared radiation. 

 Beamsplitter: Divides the incoming beam between two optical paths. It is commonly 

made of CaF2 or KBr in the infrared range. 

 Mirrors: two mirrors, one fixed and another moving back and forth. 

 Sample compartment: where the recombined beam passes through the sample after 

being reflected by the mirrors and recombining in the beamsplitter. 

 Detector: Measures the light intensity as a function of the optical path difference, 

resulting in an interferogram. 

A schematic diagram of this setup is shown in Figure 3-16. Mirrors M1 and M2 represent 

the fixed and moving mirrors, respectively, and together with the beamsplitter (BS), form 

the Michelson interferometric path. 



99 

 

 

Figure 3-16 Schematic illustration of the key components in a FTIR. M represents metal based broadband 

mirror; PM refers to parabolic mirror which can reflect and focus infrared beam; BS refers to Beamsplitter. 

The path difference introduced by the moving mirror is denoted as  , and the 

corresponding optical path difference is given by , where  the refractive index 

of the medium inside the interferometer.  

Assuming the infrared source is a broadband continuous source composed of multiple 

frequency components; its intensity can be described as a function of frequency. The spectral 

intensity of the source at frequency  is therefore described as . 

The intensity recorded by a Michelson interferometer (note as interferogram) is the result of 

interference between two beams and depends on the optical path difference  . The 

interfered intensity is given by: 

��

�
 

Which is a cosine Fourier transform of the source spectrum. The resulting interferogram is 

the superposition of interferograms from individual monochromatic components of the 

source. A single monochromatic component shows a single peak in the frequency, domain, 

corresponding to a cosine-shaped interferogram as shown in Fig. 3.16 a. For a broadband 

continuous wave in the frequency domain, however, all monochromatic components 

interfere constructively only at zero optical path difference (OPD), yielding a maximum 

intensity. Away from zero OPD, the phase differences among various frequency components 

cause constructive or destructive interference, leading to partial cancellation. As a result, the 
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interferogram exhibits a central peak with rapid decay on both sides, forming a symmetric 

pattern, as shown in Figure 3-16(b). The function with respect to optical path difference 

essentially represents a time-domain signal, as the optical path difference corresponds 

directly to a temporal delay. Therefore, in Figure 3-17, the horizontal axis labelled “Mirror 

Position” on the right-hand side is equivalent to time.  

 

Figure 3-17 Schematic illustration of the Fourier Transform/ inverse Fourier Transform pair of (a) 

monochromatic wave (b) broadband continuous wave in frequency domain and in time (mirror position) 

domain respectively.  

 

Furthermore, as the spectral bandwidth of the source increases (i.e., more monochromatic 

components are added), the central peak of the interferogram becomes sharper and stronger, 

and the side lobes decay more quickly. This reflects the improved localisation of the 

interference signal in the spatial domain. 

According to the inverse Fourier transform formula, the original spectral intensity  can 

be recovered from the interferogram using: 

��

��
 

This means that as long as the interferogram is accurately recorded, the spectrum can be 

fully reconstructed via Fourier transformation. 
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In practice, this operation is performed by a computer. The mirror position, sensor, and 

computer involved in the system cannot fully sample a continuous signal but require some 

discrete sampling and a truncated range. At the same time, because of the limited physical 

size of the instrument, the range of the optical path difference is also not infinite. Therefore, 

the Fourier transform becomes a discrete Fourier transform (DFT) or fast Fourier transform 

(FFT). Assume that the interferogram is sampled at a finite number of  odd points over the 

interval ��� ���  , where the   sampling point is �   and 
������

�
, Then, the interferogram becomes a discrete signal: 

� �  

Its DFT can be written as Equation (3.38), where the subscript  is replaced with , 

the more commonly used range in computing: 

� �

���

���

������/�  

As � is a segment taken from an infinite sequence, equivalent to multiplying the original 

signal by a rectangular window function, it introduces sidelobes (spectral leakage). To 

compensate for the sidelobes caused by this truncation, it is common to apply a window 

function to suppress them. Therefore, the actual signal used for the DFT operation is 

expressed as Equation (3.39). 

� �

���

���

������/�  

Here,  represents the window function. One commonly used window function is the 

Blackman–Harris 3-term window, as demonstrated in equation 3.40[197]: 

 

It provides excellent sidelobe suppression, which means a lower likelihood of false peaks 

appearing. In this thesis, all results involving FTIR use the Blackman–Harris 3-term window 

function that can be defined in the FTIR data processing software OPUS, provided by the 

supplier Bruker.  
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The core advantage of FTIR lies in its ability to detect broadband signals in the time domain 

and rapidly retrieve corresponding spectral information via Fourier transformation. It does 

not rely on broadband diffraction gratings or filter-detector arrays, but instead uses only a 

single detector, achieving very high photon energy utilisation efficiency. As a result, the 

requirements on the light source are relatively low—a standard Globar source is often 

sufficient. The primary limitations on the detectable spectral range usually come from the 

detector's response range and the bandwidth of the beamsplitter. 
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Chapter 4 Plasmonic colour filter with polarisation 

selection  

4.1 Introduction and motivation 

The colour or spectral characteristics of an object within the visible range (400–700 nm) 

convey vital image information to both human observers and machine vision systems. 

Polarisation, another key property of light, is less intuitively perceived but holds valuable 

cues such as surface reflectivity and contour variation. Various organisms in nature have 

evolved the ability to perceive polarisation[198, 199], and when this ability is combined with 

spectral selectivity, it enables a rich, information-dense visual experience. Polarisation 

awareness is essential for numerous imaging functions, including passive underwater 

observation[200], edge enhancement for three-dimensional visualisation[201], image 

dehazing[202], and medical diagnostics[203]. As a result, imaging technologies capable of 

concurrently resolving both polarisation and colour have attracted considerable interest from 

researchers and industry alike [204-207]. Conventionally, such colour-polarisation cameras 

adopt a two-layer filtering system, as shown in Figure 4-1(a), comprising a thin-film stack 

for colour discrimination and a secondary grating structure for polarisation filtering, which 

often necessitates sophisticated fabrication and alignment procedures. To improve 

integration and performance, there is growing interest in leveraging the capabilities of 

metasurfaces. Besides enabling multiple optical functionalities on a single planar platform, 

metasurfaces offer compatibility with standard CMOS processes and can be directly 

integrated with imaging sensors, making them suitable for compact spectral-polarisation 

filter systems. 

Metasurface-based colour filters have been widely studied[54, 68, 112, 113, 121-123, 208-210]. These 

devices reshape the optical wavefront using quasi-planar subwavelength architectures to 

perform selective spectral filtering. High-efficiency, high-saturation colour filters based on 

all-dielectric resonant metasurfaces have received significant attention [121-123, 210-213]. 

Compared with metallic or plasmonic structures, dielectric metasurfaces offer inherently 

lower optical losses, enabling narrow-band and efficient structural colour filtering. A number 

of these platforms exploit collective resonance phenomena, such as multi-order Mie 

resonances, guided-mode resonances, and quasi-bound states in the continuum (q-BIC). 

These effects generally require extended periodicity to fully develop and amplify the modes 
[112]. Prior work has demonstrated that   metasurfaces can reduce the reliance on 
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periodicity by utilising magnetic dipole (MD) modes excited by individual resonators, 

thereby achieving high spatial resolution colour filters[121]. Employing semiconductors such 

as silicon as the resonator material can also produce angle-stable MD modes under s-

polarised illumination. Moreover, by introducing an index-matching overlayer, such 

resonator-based structures have been shown to yield highly saturated colours and fine spatial 

resolution [122]. Although striking colour effects have been achieved with reflection-mode 

devices, experimental demonstrations of transmission-mode metasurface filters remain 

limited, apart from a few studies using subtractive colour concepts[20, 214, 215]. Without adding 

computational overhead, transmission-mode filters offer straightforward integration benefits 

for practical colour imaging systems. Some such designs also rely on CMOS-compatible 

materials and processing methods [78, 100, 114, 208], making them promising candidates to 

replace traditional dye-based or multilayer thin-film Bayer filters currently used in CMOS 

image sensor (CIS) arrays. 

Plasmonic colour filters using metal apertures can operate efficiently within just a few lattice 

periods, making them well-matched to the typical pixel dimensions (micron scale) of image 

sensors. Hence, they present a viable alternative for camera filter elements[77, 113, 215, 216]. 

These plasmonic arrays have also been explored for applications in fluorescence 

microscopy[217] and high-speed single-photon imaging[218]. Polarisation-dependent colour 

filtering can be achieved through structural anisotropy, either in aperture geometry or in the 

periodic arrangement[72, 79, 219], especially through tailoring aperture dimensions. Plasmonic 

devices using noble metals like gold and silver have been extensively reported in the visible 

and near-infrared spectral bands due to their relatively low Ohmic losses[75-77]. However, 

gold suffers from interband transitions that impair colour performance below 500 nm (i.e. in 

the blue region), and silver is susceptible to surface sulphidation. Additionally, neither 

material is CMOS-compatible[78], limiting their utility in mainstream imaging. As a result, 

aluminium-based plasmonic filters—offering low cost and ease of manufacturing—have 

attracted ongoing interest[33, 54, 79, 80]. Nevertheless, the inherently low quality-factor (Q-

factor) of aluminium resonators presents challenges for accurate colour reproduction. 

Moreover, designs that rely on anisotropy in aperture shape or lattice symmetry to enable 

polarisation filtering often involve trade-offs between peak transmission, linewidth, and 

polarisation extinction ratio. Although current structures can exhibit differing polarisation 

responses[119, 220, 221], achieving strong polarisation extinction while preserving spectral 

sharpness remains a key challenge. There is therefore a clear need to explore approaches for 
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simultaneously obtaining narrow linewidth and high polarisation extinction without 

compromising transmission in aluminium-based spectral-polarisation filters. 

In response to this need, a plasmonic metasurface based on a dimer-elliptical aluminium 

aperture array was proposed and experimentally realised, as illustrated in Figure 4-1(a). Two 

specific design innovations are introduced to simultaneously improve the linewidth and 

polarisation extinction ratio of aluminium-based filters without significant loss of peak 

transmission. First, the use of dimer apertures enables approximately double the 

transmission compared to monomer configurations, while maintaining polarisation 

extinction performance. Second, deep etching into the SiO₂ substrate reduces the resonance 

linewidth with only minimal transmission loss (less than 5%). By combining these two 

design principles, the proposed polarisation-sensitive colour filter achieves a peak 

transmission of ~30%, a polarisation extinction ratio surpassing commercial polarising films 

in the blue spectral range (>150 at 465 nm), and over 76% coverage of the RGB colour gamut 

(CIE 1931, 2° observer). 

It is worth noting that Professor David Cumming has produced a substantial body of highly 

influential work in this field. The Microsystem Technology Group, led by David Cumming, 

was the first to propose the design of adding a SiO₂ capping layer on triangular-lattice 

plasmonic colour filters[33] to achieve match the SPP modes respectively emerging at upper 

and lower metal–dielectric interfaces, thereby significantly improving transmission 

efficiency with high colour purity. Building on this concept, the group demonstrated the 

integration of plasmonic metasurfaces with CMOS photodetectors[100]. More recently, they 

have further shown flip-chip adhesive integration of plasmonic filters with SPADs, enabling 

colour reconstruction under low-light conditions[54]. These polarisation-insensitive micro-

/nano-scale filters have convincingly demonstrated the viability of this technological route. 

Motivated by this, after joining the group I initiated the development of plasmonic filters for 

higher-dimensional imaging modalities. In this section, the focus is on filters designed for 

simultaneous colour and polarisation sensing. 

To validate the structure’s polarisation selectivity and colour generation capabilities, I 

experimentally demonstrate both micron-scale structural colour images and polarisation-

encoded imagery using the proposed transmissive filter in a coded-array format. Fabrication 

involves a single lithography exposure followed by chlorine-based dry etching[222]. While 

electron-beam lithography (EBL) is used in this work for proof-of-concept fabrication, the 
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design dimensions are compatible with scalable methods such as photolithography or 

nanoimprint lithography for mass production. 

 

Figure 4-1. Design of the proposed polarisation controlled transmissive aluminium plasmonic metasurface 

filter. a. An illustration of the filter function and optical photomicrograph of fabricated RGB-LP array (under 

unpolarised illumination). The size of the colour filter pixel shown here is 10 훍퐦 x10 훍퐦. The metasurface 

serves as both a linear polarizer and a colour filter with single-layer periodic aperture in an aluminium film. b. 

The geometrical structure of the metasurface filter. 퐏 refers to the period of the triangular lattice, while 퐫ퟏ, 퐫ퟐ 

refers to the major and minor axes of the ellipse. ∆퐝 = 퐏 ∗ 퐠 refers to the distance between the dimer apertures. 

The dimensions are 퐡ퟏ = ퟏퟓퟎ퐧퐦, 퐡ퟐ = ퟏퟓퟎ퐧퐦, 퐡ퟑ = ퟏퟎퟎ퐧퐦. c. Transmission enhancement of the multi 

elliptical aperture array. Multiple aperture array enhanced the transmission without broadening the linewidth 

of colour filtering. 



107 

 

4.2 Design and modelling 

4.2.1 Simulation Methods 

A three-dimensional finite-difference time-domain (FDTD) simulation (ANSYS, Lumerical 

FDTD) was employed to evaluate the transmission characteristics of monomer, dimer, and 

trimer aperture arrays. A plane-wave source covering 400–1000 nm was placed within the 

substrate. Perfectly matched layers (PML) were assigned to the top and bottom simulation 

boundaries. Anti-symmetric and symmetric boundary conditions were applied to the 

directions of the electric (E-field) and magnetic (M-field) components of the incident wave, 

respectively, to reduce computational time. 

The optical constants for aluminium were taken from the Palik material database, and the 

refractive index of the PECVD-deposited SiO₂ capping layer was set to 1.46, in accordance 

with characterisation data obtained from the James Watt Nanofabrication Centre, University 

of Glasgow. A power monitor was positioned 2 μm above the capping layer to eliminate near-

field artefacts and to record the far-field transmission spectrum. 

For oblique incidence simulations, the source was replaced with the broadband fixed-angle 

source technique (BFAST), and boundary conditions were adjusted to periodic in the lateral 

directions. The colorimetric response was derived from the simulated spectra using CIE 

standard colour matching functions. A flat-spectrum illumination source was used to 

generate the corresponding CIE colour plots. MATLAB scripts, partially adapted from those 

shared by the MATLAB user community[223], were used in the processing pipeline. 

4.2.2 Colour filtering 

The phenomenon known as extraordinary optical transmission (EOT) has been effectively 

employed to explain and thereby enable the fabrication of transmissive filters[33, 75, 78, 80, 216, 

224, 225]. These filters are composed of periodic arrays of subwavelength apertures etched into 

a thin metallic film. When the periodic lattice vector of these apertures offsets the wavevector 

of the surface plasmon polariton (SPP) under normal incidence, the resulting wavelength, 

referred to as ��� , can act as a predictor for the spectral location of the transmission 

window[216], as expressed in Equation (4.1): 

���
� �

� �

� �
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Here,   denotes the diffraction order, and �  and �  represent the permittivity of the 

metal and the adjacent dielectric medium, respectively. A triangular lattice was selected as it 

provides a denser aperture arrangement than a square lattice, along with a larger spectral 

separation between the (1, 0) and (1, 1) order surface plasmon wavelengths, ���, which 

facilitates improved colour filtering performance and superior out-of-band suppression. In 

this study, the filter design targets the (1, 0) diffraction mode. In previous models and 

implementations, metallic periodic aperture arrays were typically patterned directly onto a 

substrate to form a diffraction grating. Such gratings offer an additional in-plane momentum 

component, enabling the incident wave that originates from the substrate to couple into the 

SPP mode. The resulting plasmonic wave then interferes either constructively or 

destructively with the wave transmitted directly through the aperture into free space. 

Constructive interference between the SPP and the transmitted mode results in a transmission 

maximum in the far-field spectrum. Although this peak generally exhibits a red shift due to 

an additional phase delay introduced by the apertures[70, 71], Equation (1) still offers a reliable 

approximation for the onset (rising edge) of the transmission peak.  An increase in aperture 

radius raises the overall transmission across all wavelengths, thus boosting the peak 

transmittance. However, since the SPP field is strongest at the metal-dielectric interface, 

particularly near the aperture edge, enlarging the aperture also admits more non-resonant 

transmission that is unrelated to the SPP. As the aperture area scales quadratically with radius, 

this leads to increased broadband leakage, thereby broadening the spectral linewidth. Based 

on these principles, I designed and modelled a series of plasmonic colour filters.  

To enhance spectral selectivity while simultaneously increasing peak transmission, a multi-

aperture unit design was introduced. Accordingly, structures comprising one, two (dimer), 

and three (trimer) apertures per unit cell were investigated. The multi-aperture 

configurations yielded more favourable results than the single-aperture configuration (see 

Fig. 4-1). Although the trimer-aperture structure exhibited better colour characteristics in the 

green wavelength range, it suffered from performance issues in the red channel. As shown 

in Figure 4-2, the trimer structure in the red band is affected by higher-order resonances at 

shorter wavelengths, introducing unwanted transmission components that degrade red colour 

purity. In addition, the trimer structure displays significantly poorer near-infrared (NIR) 

cutoff and generates more sidebands. A strong NIR cutoff is desirable for imaging 

applications, especially when used with modern CMOS sensor chips, which are typically 

sensitive to near-infrared wavelengths. For these reasons, the dimer configuration was 
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selected for demonstration, in order to highlight the advantages of the multiple-aperture 

design. 

 
Figure 4-2 a. red channel filter transmission for dimer aperture configuration and trimer aperture configuration. 

b. converted results of the transmission spectrum in a on CIE 1931 colour gamut. 

 

In the dimer-aperture array plasmonic filter, the structure can be interpreted as a 

superposition of two triangular lattice arrays (each with period ), offset by a distance . 

Provided that  << P, the system still be effectively treated as a grating with period PPP, 

so Equation (1) continues to provide an accurate prediction of the transmission wavelength. 

As further described in Section 4.2.3, the incorporation of elliptical apertures is essential for 

achieving polarisation sensitivity. Two key design parameters govern the optical response: 

the aspect ratio of the ellipses (defined as the ratio of the major to minor axes, r1/r2), and 

the relative spacing ratio  , which relates to the offset by  . In this study, the 

parameters were fixed to  . The detailed influence of these parameters is 

discussed in later sections. Using the green-channel filter as a representative example, the 

adoption of a dimer unit led to a significant improvement in peak transmission, with 

efficiency roughly doubling that of the single-aperture design, as illustrated in Figure 4-1(c). 

The complex near-field interactions—involving mechanisms such as surface plasmon 

polaritons (SPP), localised surface plasmon resonances (LSPR), and Wood’s anomalies—

may provide an additional ~3% boost in transmission, although this effect is relatively 

modest. Moreover, the interference phase shift contributing to the transmission spectrum is 

partly governed by the  parameter; variations in   induce wavelength-dependent changes 
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in phase, which can result in peak shifts. The trimer configuration, although capable of 

further improving transmission, also introduces higher-order diffraction sidebands, which 

appear in the visible range for red filters, as shown in 4-2. In contrast and to emphasise, the 

dimer structure exhibits superior NIR cut-off performance compared to the trimer. Therefore, 

I chose to focus further investigation on the dimer configuration. 

Another critical factor is the etch depth into the substrate during aperture formation. The 

periodic apertures were defined in a 150 nm-thick metal layer and were intentionally over-

etched by an additional 100 nm into the substrate. Although substrate etching has been 

discussed in earlier work [54], in this study the etch depth was extended beyond the SPP 

penetration depth in the substrate material to further narrow the transmission linewidth. 

The penetration depth of SPP into a dielectric for a continuous substrate dielectric-metal 

interface without apertures can be estimated using the following equation[226]: 

�
�

�
�

�

�
�

�
�  

where �
�  represents the real part of the permittivity of the metal (aluminium in this case), 

and �  refers to the permittivity of dielectric, which is silicon dioxide. For 530 nm 

wavelength, � will be approximately 260 nm. Figure 4-3 a show the SPP depth into the 

substrate is approximately 150 nm under TM illumination. It is found that within this length-

scale, substrate etching can reduce the linewidth. From the depth-transmission spectrum, it 

can be observed that the linewidth decreases with increasing substrate etching depth, while 

the peak transmission varies within a 5% range. When the substrate etching depth exceeds 

100 nm, the linewidth reduction plateaus. A substrate etching depth of 100 nm is therefore 

sufficient to achieve the desired effect. 
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Figure 4-3 a. green filter transmission spectrum vs substrate etch depth. b. FWHM of the filtering peak vs etch 

depth. 

 

4.2.3 Polarisation selection 

It has been previously demonstrated that the excitation of SPPs is strongly dependent on the 

polarisation of the incident electromagnetic field[70-72, 216, 219], and in the context of 

extraordinary optical transmission (EOT), SPP formation primarily occurs at the edges of 

the apertures. Consequently, asymmetric or anisotropic shapes of the metal apertures 

resulting in unequal edge lengths in the x-y plane, or arrays anisotropic lattice cause the 

transmission spectrum to become sensitive to the polarisation direction of the incident wave. 

As shown in Figure 4-4 (a) and (b), field enhancement is localised at the edges of the 

apertures, with strong excitation observed only when the magnetic field is aligned along the 

major axis of the elliptical apertures, i.e., perpendicular to the minor axis. By altering the 

orientation of the elliptical aperture’s major axis, the polarisation direction of the filter can 

therefore be tuned accordingly. Increasing the metal thickness enhances these mechanisms 
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but also leads to greater Ohmic losses. Taking this trade-off into consideration, a metal 

thickness of 150 nm was selected, where the peak transmission remains above 20 %. 

 

Figure 4-4. x-z view (sideview) and y-x view (top view of the dielectric-metal interface) of the normalized 

electric field distribution for green filter for normal incidence. The orientation of the electric field, magnetic 

field and the wavevector of the incident light is noted in red, green and black respectively. a & b. With TM-

polarised light incidence (w.r.t. x-z plane). A strong field enhancement exists at the edge of the ellipse largely 

as a consequence of SPP modes.  c & d. With TE-polarised light incidence. Most light is blocked by the metal 

film, and no field enhancement is observed. 

Elliptical apertures do not differ fundamentally from the commonly reported rectangular or 

other anisotropic structures in the literature mentioned above. The presence or absence of 

sharp corners primarily affects localised LSPR modes but has negligible impact on the 

spectral features associated with nonlocal characteristics, which mainly depend on lattice 

constant and fill factor. However, in fabrication—particularly for potential wafer-scale 

production via nanoimprint or photolithography—the precise definition of sharp corners 

requires highly controlled PEC processes. Otherwise, corners naturally round off, forming 
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shapes closer to ellipses, and even variations in the area can shift the resonance peak position 

and amplitude. For this reason, an elliptical design was adopted at the design stage. 

4.3 Results and discussion 

4.3.1 Sample fabrication and spectrum characterisation 

The fused quartz substrate was initially cleaned in sequence using acetone and IPA 

(isopropyl alcohol) solvents, each subjected to 5 minutes of ultrasonic cleaning in a water 

bath. Subsequently, 150 nm of aluminium was deposited via thermal evaporation. A 150 nm 

SiO₂ layer was then deposited on top as a capping and adhesion-promoting layer using 

plasma-enhanced chemical vapour deposition (PECVD). After another round of solvent 

cleaning as described previously, and a 10-minute bake at 180 °C on a hotplate, a 200 nm 

layer of CSAR resist was spin-coated onto the cooled substrate. 

To prevent charging during electron-beam lithography (EBL), a 60 nm conductive Electra 

92 layer was sputtered as a charge dissipation layer on top of the resist. The metasurface 

patterns were then exposed using a Raith EBPG 5200 EBL system operated at 100 keV 

acceleration voltage and 1 nA beam current. Following exposure, the samples were 

developed using n-Amyl acetate and IPA, each for 90 seconds. 

The dimer aperture structures were etched using an Oxford Instruments Plasmalab RIE 80 

Plus system (for the SiO₂ layer using CH₃F gas) and a Plasmalab System100 ICP 180 system 

(for the Al layer, using a Cl₂/Ar gas mixture) for dry etching. 

A simplified schematic of the fabrication process is shown below, in which the final step of 

substrate etch is not shown: 

 

Figure 4-5 Simplified fabrication workflow for the proposed device.  
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For sample characterisation, a Foster + Freeman micro-spectrophotometer was employed to 

optically measure the spectral response of the fabricated structures. Condensers with a fixed 

numerical aperture (NA) of 0.5 (corresponding to f/# = 1) were used to evaluate the filter 

performance under different objective lenses. A wire grid polariser (Thorlabs WP25M-VIS) 

was inserted into the optical path to generate linearly polarised illumination. A standard 

halogen light source was used for illumination, and both the measured spectrum and colour 

output were normalised relative to the source spectrum. 

 

4.3.2 Finite size and incident Angle tolerance analysis 

To demonstrate the viability of employing the proposed structure as a focal plane array 

polarisation-colour filter layer for imaging purposes, its filtering performance at varying 

pixel sizes is of particular importance. As the device operates based on the surface plasmon 

polariton (SPP) mechanism, which is inherently a non-local resonance, it is anticipated that 

the filtering performance will degrade as the number of unit cell periods decreases. 

To assess this effect, filters with finite dimensions were fabricated and characterised 

Specifically, square pixels of approximately 2 μm and 4 μm that corresponds to 

approximately 3 and 6 periods, respectively, for the red filters was made. (In fabrication, the 

number of periods for each pixel was rounded down to the nearest integer.) The red filter 

was selected the as the reference, since its wavelength (~640 nm) corresponds to the largest 

period, and is thus expected to experience finite-size effects more significantly than the green 

or blue filters at small pixel dimensions. 

As shown in Figure 4-6(a), it was observed some degradation appeared in the spectral 

response for the 2 μm pixel, yet the structure still demonstrated clear red wavelength filtering 

behaviour. This level of performance is considered adequate for integration with typical 

industrial CMOS camera pixel sizes[227]. Furthermore, the design can be integrated with 

high-performance detectors such as single-photon avalanche diode (SPAD) detectors, which 

have been demonstrated with minimum pixel dimensions of approximately 8 μm, enabling 

simultaneous polarisation and colour sensing even under low-light conditions. 

For imaging applications, the angular response of a colour filter is of critical importance. 

Accordingly, I have examined the performance of the proposed filter under varying angles 

of incidence, as illustrated in Figure 4-6(b). The analysis specifically considered the case in 

which the magnetic field component and the Poynting vector lie in a plane that is parallel to 
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the major axis of the elliptical aperture. This configuration corresponds to the condition that 

yields the maximum polarisation-dependent transmission. 

As shown in the oblique angle response of the green filter in Figure 4-6(c), (d), and (e), the 

structure retains robust spectral filtering performance within the 0°–10° range of incidence, 

regardless of whether the incident light is TM-polarised (relative to the xz-plane) or TE-

polarised (relative to the yz-plane). However, when the angle of incidence exceeds 15°, a 

redshift in the peak wavelength is observed, along with the emergence of higher-order 

resonances in the shorter wavelength region. 

Notably, up to an incidence angle of 15°, the polarisation extinction ratio of the transmitted 

light remains above 10⁵ in simulations. Because of the shown off-axis characteristics, the 
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proposed filter design is well-suited for imaging systems operating with focusing lenses, 

enabling use at an F-number as low as f/2 without introducing significant colour distortion. 

 

Figure 4-6 Finite sized array and angled incidence tolerance check. a. & b. Photomicrographs of fabricated 4 

흁풎 and 2 흁풎 sized filter pixels and the measured spectrum for red filters. Dashed lines show TM-polarised 

incidence (w.r.t. x-z plane) while and solid lines show TE-polarised incidence. c. The effect of changing the 

angle of incidence 휽 for TM-polarised incidence with respect to x-z plane and in the wavelength range 400 – 

1000 nm. d. The effect of changing 휽 for TE-polarised incidence with respect to y-z plane.  e. The detailed 

transmission spectrum for angle of incidence within 12 degrees. 

 

4.3.3 Colour – Polarisation Palette 

Based on the colour-polarisation filtering principles outlined in Section 2, 20 μm × 20 μm 

RGB filters were fabricated as a proof-of-concept demonstration. The filtering 

characteristics and corresponding polarisation extinction ratios of the fabricated elements 
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are presented in Figure 4-7(b) and (c). The designed dimensions used for RGB pixels are 

listed in table 4-1.  

Table 4-1 Period and corresponding dimension of the designed RGB pixels 

(nm) Period Major length Minor length  

Red 420 256 64 126 

Green 350 210 52 105 

Blue 270 162 41 81 

 

Spectral measurements were conducted using the optical setup illustrated in Figure 4-7(a), 

where a microscope coupled to a fibre-based spectrometer was used to characterise the 

microscale metasurface region. 

The experimentally obtained transmission spectra of the RGB filters under normal incidence 

showed peak transmission values of approximately 25% (blue), 30% (green), and 30% (red) 

at central wavelengths of 465 nm, 540 nm, and 638 nm, respectively. The full width at half 

maximum (FWHM) for the blue, green, and red filters was approximately 75 nm, 90 nm, and 

110 nm, respectively. Additionally, when the polarisation of the incident light was rotated 

from 0° to 90° relative to the minor axis of the elliptical apertures, the filters exhibited 

polarisation extinction ratios exceeding 150 (blue), 100 (green), and 20 (red). The 

corresponding spectral extinction ratio curves are shown in Figure 4-7(c). The E.R. here is 

defined as the transmission of the one linear-polarisation state divided by its orthogonal 

states. 

In the green and red channels, the higher-than-simulated transmission coefficients and lower-

than-simulated extinction ratios may be attributed to fabrication deviations and measurement 

techniques, as discussed later. To demonstrate the geometric tunability of the proposed 

structure in colour filtering, 20 filters were fabricated by scaling the periodicity while 

maintaining proportional consistency in other geometric parameters. The periods of these 

filters ranged from 240 nm to 440 nm in 10 nm increments. The associated simulation and 

experimental results are presented in Figure 4-7(e). Under illumination at the polarisation 

angle corresponding to peak transmission, the resulting spectra covered approximately 76% 

of the sRGB colour space in the CIE 1931 chromaticity diagram. A colour palette with a 

finer step size (8 nm, ranging from 270 nm to 430 nm) was also fabricated to visually 

illustrate the polarisation-dependent colour filtering performance, as shown in Figure 4-7(h). 
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A broader white-light polarisation filter can be achieved by increasing the relative length of 

the ellipse's major axis. 

4.3.4 Image Encryption  

To visually demonstrate the polarisation filtering capabilities of the proposed metasurface, I 

applied the encoding process shown in the Figure to orthogonally polarised letters ‘JWNC’ 

(James Watt Nanofabrication Centre) and ‘UOFG’ (University of Glasgow). In the final 

layout, the numbers 0, 1, 2, and 3 represent pixels with no pattern (transmission = 0), pixels 

oriented at 0° linear polarisation, 45° linear polarisation, and 90° linear polarisation, 

respectively. Each pixel was 8 µm x 8 µm. Light transmitted through the 45° linear 

polarisation filter will be seen at the same intensity for 0 and 90° incidence. After fabrication, 

the layout reveals different patterns when illuminated with orthogonally polarised light. 

Figure 4-8(c) shows the cross-polarised microscopic image of the letters. Using a polarizer 

set at 0° orientation for illumination and an analyser set at 90° orientation, only 45° filters 

could be imaged.  

The same encoding and fabrication process can be used for two-dimensional orthogonal 

polarisation encoding, which could be applied to anti-counterfeiting displays operating in 

transmission mode using QR codes. I experimentally fabricated a polarisation encrypted bar-

code shown in Figure 5(b) to demonstrate this concept. As before, the size of each functional 

filter pixel was . The photograph of different pixels (noted as Diff. pixels) was 

taken using cross-polarised microscopy, where a polariser was set at 45° orientation, and an 

analyser was set at 135° orientation. 

 

4.3.5 Simultaneous colour-polarisation filtering enabled micro-scale 

paintings 

Finally, the simultaneous polarisation and colour filtering performance of the filters was 

demonstrated through micro-scale paintings, which may be considered the inverse process 

of polarisation-colour imaging. An RGB colour mixing strategy was applied to achieve full-

colour micro-printing under a specific linearly polarised illumination. Each pixel in the 

original image was up sampled and decomposed into four subpixels: red, green, blue, and a 
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non-transmitting (black) subpixel. The RGB values for each subpixel were realised by 

rotating the polarisation orientation of the filters. 

As the average extinction ratio of the three filters exceeds 20 within their respective spectral 

bands, intensity encoding based on polarisation angle was enabled using Malus' law. For 

instance, the polarisation orientation assigned to the red subpixel at the  pixel position 

can be described by: 

�(�,�) � �
��

�  

where � � ����� . The normalised RGB values of the red pixel were selected, and 

the fourth subpixel was set to black instead of green to reduce EBL writing time and simplify 

the RGB encoding process, as the objective was to demonstrate the feasibility of colour 

mixing. Based on Equation (4.2) and the image encoding workflow illustrated in Figure 4-

8(e), two micro-painting images were produced: the Hammermen Crest (Figure 4-8(f)), 

representing the Incorporation of Hammermen of Glasgow, a trades guild of which James 

Watt was a member; the oil painting Girl with a Pearl Earring by Johannes Vermeer (Figure 

4-8(g)); and the oil painting on canvas Sunflowers (F453) by Vincent van Gogh (Figure 4-

8(h)). The scale bars for all images are 100 μm, with each colour subpixel measuring 2 μm. 

Compared to the original images, the micro printed images appear darker overall, which is 

expected since I intentionally up sampled the image and introduced one black subpixel in 

each 4-pixel RGB colour unit, significantly reducing the overall brightness. Nevertheless, as 

a demonstration, the outlines and shading variations in the images are still clearly visible. 

Figure 4-8(i) shows a zoomed-in view of the mixed-colour pixels, where the brightness 

variations of the RGB subpixels under 0° polarised light can be distinctly observed. 
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Figure 4-7 Spectral characterisation results of the fabricated dimer plasmonic metasurface sample. a. Optical 

path for sample spectral characterisation. The sample was tested in a micro-spectrophotometer in the Köhler 

illumination configuration, where a polarizer is settled underneath the condenser. The condenser has a 

numerical aperture of 0.5 and all spectra were obtained using an objective with 20x magnification. b. 

Transmission spectrum under X-polarised (E-component perpendicular to major axis, solid lines) and Y-

polarised linear polarisation (E-component parallel to major axis, dashed lines) of RGB filters. c. Calculated 

extinction ratio within full spectrum. As the spectrometer readings got unstable for very low intensity 

illumination, I rounded all transmission smaller than 0.1% to 0.1% when calculating the extinction ratio. e. 

Simulated and tested transmission spectrum for filters with period ranging from 240 to 440nm, 6 out of 20 are 

shown here. f & g. Colour palette under microscope of the 20 filters and their calculated position on CIE 1931 

axis. h. Colour-polarisation palette of 20 filters under X-polarisation illumination. 
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Figure 4-8 Demonstration of colour-polarisation filtering function of the proposed metasurface. a. Orthogonal 

linear-polarisation encrypted dual-state display. The pixels were encoded with (0,1,2,3) in final layout, 

representing no transmission, 0-degree polarisation angle, 45-degree polarisation angle, and 90-degree 

polarisation angle respectively. b. Polarisation-colour encrypted bar-coding. Two different bar-codes were 

encrypted in one layout, while only under blue illumination with 0-degree polarisation angle will the right bar-

code appear. c. & d. A micrograph at higher magnification of the letters when viewed using cross-polarised 

imaging (polarizer and analyser aligned along 0- and 90-degree respectively) and 0-polarised imaging. The 

cross-polarised image shows the 45-degree polarisation filters, which resemble the area showing weaker 

intensity in d.  e. Working principle for producing micro-scale paintings based on colour-mixing with proposed 

colour-polarisation filter. The RGB value of the original input was read, and each pixel were up sampled to a 

2x2 block, respectively representing R, G, B channel and a black channel (no transmission). Then the RGB 
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values were normalized and mapped by polarisation angles, which are then fabricated through E-beam 

lithography and dry-etch. f., g. & h. Photomicrograph of the fabricated micro-paintings under polarised 

illumination. The scale bars are 100 μm for all paintings (The crest of the Hammermen of Glasgow in f, Girl 

with a Pearl Earring in g, Sunflower in h).   i. Zoom-in view of the upper-right part of painting e, each colour 

pixel was in 2x2 μm format. 

 

4.4 Conclusion 

In conclusion, an aluminium dimer-aperture array plasmonic metasurface was proposed and 

fabricated to exploit the extraordinary optical transmission (EOT) effect, enabling efficient 

polarisation–colour filtering using CMOS-compatible materials. To validate the 

simultaneous polarisation–colour filtering capability of the structure, its application to 

structural colour generation was demonstrated. The resulting colour palette covered 

approximately 76% of the sRGB colour gamut, with blue (centred at 465 nm), green (centred 

at 540 nm), and red (centred at 638 nm) filters exhibiting full width at half maximum 

(FWHM) values of approximately 75 nm, 90 nm, and 110 nm, respectively, and average 

polarisation extinction ratios exceeding 150, 100, and 20, respectively. 

Furthermore, orthogonal linear polarisation-encoded image encryption and microscale full-

colour reproduction of colour-rich images were demonstrated using RGB colour mixing, 

based on the proposed structure. The dimer configuration demonstrated here shows strong 

potential for applications in display technology and imaging systems, particularly in 

multidimensional light-field detection when integrated with focal plane arrays. 

 

4.5 Further discussion and future work 

4.5.1 Influence of geometrical parameter  and  

In geometric dimensions, the axial ratio   primarily affects the anisotropic 

response of the metasurface to incident light. When the major axis, r1, of the ellipse remains 

unchanged (i.e., the ratio of  to the lattice constant  is constant), as shown in Figure 4-

9(a), the influence of  within the range from 3.5 to 4.5 on the transmission spectrum at the 

maximum (TM illumination with respect to the X-Z plane) is small, with the peak 

transmission and line shape remaining largely unchanged. However, Figure S.I. 1(b) 

demonstrates that when I take the average extinction ratio (E.R.) in the green channel range 
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(500–570nm),  has a significant impact on the extinction ratio. A higher  corresponds to a 

larger extinction ratio, which is primarily due to the increased difference in the grating-SPP 

interaction region under orthogonally polarised illumination. 

 
Figure 4-9 a. green channel filter transmission vs 풆. b. green channel filter average E.R. (within spectral 

range 500-570nm) vs 풆. c. red channel filter transmission vs 품. d. red channel filter average E.R. (within 

spectral range 620-660nm) vs 품. 

 

As shown in Figures 4-9 (c) and (d), the spacing between dimer-apertures has a notable effect. 

Taking the red channel as an example, smaller spacing results in a lower peak transmission 

and a significantly reduced extinction ratio. Increasing  leads to a higher extinction ratio 

and greater peak transmission but also results in a broader linewidth, enhanced higher-order 

modes, and a blue shift in the peak wavelength.  

The blue shift of the peak wavelength associated with the structure implies that larger 

structures are required for the red channel, which in turn increases the minimum compatible 

pixel size for red filters. As a demonstration, I select   = 0.2, which corresponds to a 

relatively narrow linewidth while ensuring at least three complete cycles in the x-y direction, 

respectively, within a 2-micron sized pixel. 
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4.5.2 Efficiency enhancement with silver  

 
Figure 4-10 a. red channel filter transmission for comparison between aluminium aperture configuration and 

silver aperture configuration b. converted results of the transmission spectrum in a on CIE 1931 colour gamut. 

 

Because of the lower loss features of silver compared to aluminium, a direct transmission 

coefficient enhancement method would be to replace the metal structure with silver. It can 

be clearly seen that the transmission can be enhanced to over 40% using same structure but 

using different dimensions compared to the structure in this work. However, silver suffers 

from the incompatibility to CMOS fabrication process, limiting its practical realisation. 

 

4.5.3  Fabrication Errors 

The peak transmission and linewidth are larger than simulation results for filters. This is 

attributed to both excessive exposure doses and overly long development times, which result 

in enlarged apertures. When the aperture size increases, the non-frequency-selective direct 

transmission also increases, whereas SPP-related modes do not increase proportionally. 

Consequently, although the peak transmission increases, the frequency selectivity of the 

filter decreases. This leads to brighter images but a narrower colour gamut. However, 

insufficient exposure or development can cause the apertures to remain unopened. Therefore, 

as a conceptual demonstration, it would be better to use slightly higher doses and longer 

development times to ensure the basic function of the sample. Larger apertures correspond 

to a smaller extinction ratio. The extinction ratio is highly influenced by the axis ratio 

between long and short axis. For aperture shape, it would tend to be over-etched more in the 
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direction along short axis (with narrower dimension) than along long axis (with wider 

dimension). Consequently, axis ratio between long and short axis are much smaller, as is 

shown in 4-11(b). The design ratio should be 4 while the fabricated sample shows a ratio of 

approximately 3.1. Another major factor which contributes to the reduced extinction ratio is 

the spectrometer detection limit. We’ve set the illumination LED light at maximum, while 

the tool still cannot obtain stable readings for TE incidence. All readings smaller than 0.1% 

were therefore rounded to be 0.1%, which means the E.R. ratio listed in the main text are 

only lower-limit estimates. 

 

 

Figure 4-11 a. × ퟓퟎk magnification SEM photo of the fabricated filters. b. × ퟕퟎk magnification SEM photo 

of the fabricated red filters. The designed dimensions are 252nm and 63nm (ratio = 4) for long and short axis 

respectively, while the fabricated samples are 226 and 72nm (ratio=3.13) respectively. 

In addition, as shown in Figure 4-11(b) and Figure 4-12, the aluminium films deposited by 

e-gun evaporation exhibited pronounced small grains and multiple grain boundaries. The 

gaps between these grains are either filled with air (sealed by a surface alumina layer) or 

filled with aluminium oxide, that consequently increase ohmic loss. However, the Q factor 
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of Al-based plasmonic filters is intrinsically low, and the corresponding resonance linewidth 

is already broad; this degradation is therefore not a critical limitation in practice. 

 

Figure 4-12 A SEM photo of E-gun evaporated Aluminium film 

 

Grain size can be effectively increased through post-deposition annealing or high-

temperature evaporation, and the use of single-crystalline aluminium via epitaxial growth 

could further mitigate this issue. However, aluminium inevitably exhibits higher loss 

compared with noble metals such as silver. Since aluminium is primarily chosen for its low 

cost and fabrication practicality, introducing additional processing overhead at the deposition 

stage is not particularly justified. In this study, room-temperature e-beam evaporation is 

therefore adopted, while the inclusion of an annealing step is left as a possible direction for 

future optimisation. 

 

4.5.4 Cavity effects  

For both back-illuminated[53] and front-illuminated[228] configurations in the integration of 

metamaterials with photodetectors, the intrinsic material properties of the detector must be 

taken into account. Using the widely adopted silicon photodetector (Si-PD) as an example, 

a large refractive-index mismatch between silicon and the metasurface substrate or contact 

layer can introduce substantial reflection because of Fresnel reflectance at the Si–

metasurface substrate interface. 

Consequently, the incorporation of a refractive-index-matched spacer layer often improves 

the quantum efficiency at a target wavelength. In practice, broadband reflection suppression 

can be achieved either by introducing an index-matching layer in the substrate design or by 

depositing an additional anti-reflection coating system between the metasurface and the 
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silicon detector, thereby alleviating cavity effects induced by multiple reflections. This 

consideration is not unique to metasurfaces; conventional thin-film optical filters similarly 

require careful refractive-index matching between the underlying layers and the detector. 

 

4.5.5 Future work 

The proposed approach can, following methods similar to those in ref, combine a filter with 

a SPAD to realise multimodal imaging—polarisation, colour, and depth. This work is in 

collaboration with the Strathclyde group. On this basis, several prototype samples were 

fabricated, one of which is shown in Figure 4-13. The format follows the common Bayer 

layout, except each supercell is 4×4 to cover four polarisations. Pixel size and placement are 

fully compatible with the pixel layout reported in ref[229]. 

 
Figure 4-13 Colour-polarisation metasurface filter array for multimodal imaging. 
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Chapter 5 A linear-to-linear cross-polarisation 

conversion q-BIC metasurface for transmission mode 

mid-infrared spectral filtering 
 

5.1 Introduction and motivation 

High quality-factor (Q-factor) resonances are crucial in many applications, including surface 

emitting lasering, nonlinear enhancement and spectroscopic detection, etc. [38, 43, 83, 230-233]. 

Bound states in the continuum (BICs), are lossless embedded eigenstates that are perfectly 

confined within the continuum spectrum of radiative states[84, 85]. BICs are widely found 

across various physical systems and have attracted significant interest. While originating in 

quantum systems, BICs have also been experimentally demonstrated in macroscopic 

platforms such as photonic crystals and optical metasurfaces[36, 40, 41, 123, 234, 235]. 

Metasurfaces, composed of periodic subwavelength units[29, 67, 236], have drawn extensive 

attention owing to their novel electromagnetic properties. By engineering the geometry of 

these units, it is possible to tailor the eigenmodes of the metasurface array, thereby enabling 

diverse optical mode responses, including the BIC modes. In practical applications, slight 

perturbations are often introduced into the geometry of the metasurfaces that support BICs, 

converting them into leaky quasi-BIC (q-BIC) modes that can be observed as finite high-Q 

resonances. These high-Q, narrow-linewidth responses are particularly suited for 

electromagnetic wave manipulation from the visible to terahertz regimes, enabling 

functionalities such as narrowband perfect absorption, field enhancement and resonance 

coupling. Metasurfaces exhibiting such behaviour are therefore ideal for spectroscopic 

sensing applications  [39, 42, 43, 97, 146]. 

In recent years, q-BIC modes supported by metasurfaces have gained significant attention 

for mid-infrared spectroscopic sensing. This is largely because the mid-infrared region 

encompasses fundamental vibrational absorption bands of many chemical molecules—so-

called characteristic absorption bands[93, 237]. Detection of these spectral characteristic bands 

allows for both qualitative and quantitative chemical molecular analysis. Several studies 

have reported mid-IR spectroscopic detection using q-BIC modes supported by symmetry-

broken zigzag metasurfaces[43, 97, 139, 147, 238]. However, the high-Q resonances in these 

structures typically operate in reflection mode, which complicates integration with detectors 
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and often requires additional optical elements like beam splitters to set up a reflective optical 

path. Q-BICs can be utilized in transmission mode by interfering with low-Q resonances to 

produce a narrow transparency window akin to electromagnetically induced transparency 

(EIT), although such EIT-like spectral response has sidelobes [36, 39, 239-241]. Without resorting 

to computational reconstruction or post-processing, direct spectroscopic detection remains 

challenging for filters with EIT-like spectral response. Many q-BIC metasurfaces that break 

C2 symmetry support narrowband circular cross-polarisation conversion from left-handed 

circular polarisation (LCP) to right-handed circular polarisation (RCP,) or vice versa [40, 59, 

242-244]. By examining the ��  (LCP in, RCP out) or ��  term under cross-polarisation 

optical path, one can leverage the high-Q features of q-BICs in transmission mode—for 

instance, for wavelength-selective focusing under circular polarisation illumination. 

However, the illumination source is often broadband in mid-infrared (MIR) spectral sensing. 

Achieving broadband circular polarisation generation requires broadband quarter-wave 

plates in the mid-infrared that are difficult to realize in practice. Even when using total 

internal reflection instead of the principle of birefringence, its design and fabrication remain 

challenging and costly[245]. 

In this work, a dual-perturbation q-BIC metasurface design is proposed to achieve q-BIC 

excitation and linear-to-linear polarisation conversion, enabling transmission-mode 

operation of q-BIC in the mid-infrared region. Specifically, off-centre holes was introduced 

in a nano-disk unit cell to break geometrical symmetry and excite leaky q-BIC modes. 

Opening off-centre holes in resonators that support various Mie-type modes to realize high 

quality factor resonances has been widely reported [87, 246, 247]. Such resonators with off-centre 

holes, because of symmetry breaking, support high-Q leaky modes such as q-BICs that can 

be directly excited under normal incidence, enable strong near-field enhancement, and 

produce ultra-narrow spectral features. These features can be applied to nonlinear-effect 

enhancement[87], light-emission manipulation[248], and wavefront phase control[243, 249], etc. 

Single off-centre-hole structures have been demonstrated for chiral polarisation 

conversion[243, 249], however, the preservation of mirror symmetry of either XZ or YZ plane 

forbids the orthogonal linear-to-linear polarisation conversion channel, which is determined 

by the invariance of the Jones matrix under a mirror operation. The dual off-centre holes 

along the orthogonal axes simultaneously break the symmetries of both the XZ and YZ 

planes, and support identical responses for s-polarised and p-polarised illumination under 

normal incidence[250] for same amount of symmetry breaking. Because both symmetry 

planes are broken, it can open linear-to-linear cross-polarisation channels and achieve a 
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maximal polarisation conversion efficiency of 25%[191, 251, 252]. By varying the hole size, 

effectively tuning the duty cycle of the scattering element within a unit cell, a cross-

polarisation efficiency of over 25% and high-quality factor narrow-linewidth transmission 

was achieved. The narrowband transmission peaks generated can be used for spectroscopic 

sensing in transmission mode. The reconstruction of the butane absorption spectrum in the 

3200-3700 nm band using a transmission imaging setup was demonstrated. The proposed 

metasurface can be further integrated into polarisation sensitive infrared focal-plane-array 

(FPA) for multi-spectral imaging purposes. 

 

Figure 5-1 (a)(c) Schematic conceptual and geometrical design of the proposed linear polarisation conversion 

metasurface. (b) Eigen mode analysis of the no-perturbation unit-cell structure. The insets are the magnetic 

field intensity distribution of the respective modes, while the white arrows show the electric field vector 

distribution. Central inset corresponds to the blue curved line (TE-like modes), left side and right-side insets 

correspond to orange/yellow line (TM-like modes) respectively. 
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5.2 Design and modelling 

Figure 5-1 illustrates the schematic geometry and design concept of the proposed 

metasurface. The structure consists of Ge nano-disks patterned on low refractive index (RI) 

substrate with a period of .  would be a good choice since it has a low RI 

(1.4) and high transparency in the MWIR range. However, dry etching of   releases 

contaminant hence its use is deprecated in some cleanrooms.   was therefore used to 

demonstrate the principles under investigation and mainly interested below 4000 nm where 

IR grade  remain low loss. The radius of the nano disk is 500nm. As shown in Figure 5-

1(c), each Ge nano-disk contains a pair of holes along the X and Y axes, with each hole offset 

by a distance of  from the centre of the disk and having a diameter of . These holes are 

introduced to break mirror symmetry along the XZ and YZ planes, thereby transforming 

symmetry-protected bound states in the continuum (SP-BICs) at high-symmetry points into 

leaky q-BICs both for x-polarised (s-polarised) incidence and y-polarised (p-polarised) 

incidence. The hole diameter and the disk diameter satisfy the relation , where  

represents the ratio between the two. In this work,  was initially considered to reveal 

the characteristics of the q-BIC supported by the structure. 

Figure 5-1(b) presents the mode supported by the structure when  and . The 

magnetic field intensity and electric field vector distributions of the mode supported around 

3930 nm as well as other two low-Q modes are shown in the inset of Figure 5-1(b). The inset 

shows a polarisation singularity enclosed by vortex linear polarisations for the mode at 

around 3930 nm. This mode exhibits a theoretically infinite Q-factor at the high-symmetry 

  point, indicating a symmetry-protected BIC (SP-BIC), as illustrated in Figure 5-2(a). 

Figures 5-2(b) and 2(e) demonstrate by simulation the relation between the Q-factor and the 

symmetry-breaking parameters. A non-zero offset  leads to the transition from BIC to q-

BIC, with its Q-factor varying as  or  increases (i.e., as the degree of symmetry-breaking 

increases). The Q-factor does not follow a conventional inverse square relation with L for 

SP-BICs[88] because at  and  there exist two fully decoupled SP-BIC. 

As the displacement perturbation parameter   increases from 0 to  , the system 

geometry gradually evolves from one symmetry-protected state to another. Consequently, 

the Q-factor of the q-BIC mode first decreases, then converges to a value that corresponds 

to the lower-bound of the Q-factor of the resonator, and subsequently increases to infinity, 

transiting to another SP-BIC state. This behaviour can be understood as a transition between 

SP-BICs, which raises the lower bound of the q-BIC Q-factor. In the vicinity of the two SP-



132 

 

BIC states in real space, i.e., near  and  system geometry configurations, 

the inverse-square proportionality law holds for single-perturbation and same-hole size case, 

consistent with the observations reported in Ref [253]. In the dual-perturbation case, there is 

overlap of the holes near , so the total hole area changes. The perturbation to the eigen 

field, i.e., the degree of symmetry breaking of the system, does not vary linearly with  in 

this region; therefore, the dependence of Q-factor on  does not follow an inverse-square 

relationship in this region. Figure 5-2(e) shows the dependence of the Q-factor of the q-BIC 

mode at   point on the hole-size parameter   for   and 300 nm, respectively. As  

increases, the area increases in proportion to �. The perturbation to the eigen field (leading 

to an increase in asymmetry of the eigen field) therefore also increases. When the defect is 

located at different positions of the eigen field, even with the same area it produces different 

influences on the eigen field profile [254, 255]. Figure 5-2(c) and 2(d) show the in-plane 

electric-field distributions of the q-BIC mode for different hole positions (corresponding to 

nm, respectively).  

 

Figure 5-2 (a) Q-factor vs wavevector 풌 for no-perturbation metasurface. Eigen frequency only contains real 

part, i.e. a mode that has infinite Q-factor is supported at 횪 point, indicating a SP-BIC. (b) Q-factor vs non-

zero asymmetric perturbation parameter 푳 , the righthand insets illustrate the two geometry configuration 

supporting SP-BICs. (c)(d) In-plane electric field distribution of q-BIC eigenmode for 푳 = ퟐퟓퟎ and ퟑퟎퟎ nm 

respectively. (e) Q-factor vs asymmetric perturbation parameter 풋. Blue and red solid line represent fitting curve 
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for 푳 = ퟐퟓퟎ and ퟑퟎퟎ nm case respectively. (f) Illustration of the p-polarised w.r.t XZ plane and s-polarised 

w.r.t YZ plane for focused beam. The right-side plot shows the angle-resolved total transmission spectrum of 

p- and s-polarised incidence.  

 

In Figure 5-2(e), the red solid line and the blue solid line respectively correspond to the fitted 

curves of Q-factor with respect to for nm; the fitting function used is: 

��  

The fitting results for   are   and  for 

 nm respectively, confirming that applied local perturbations at different 

positions of the eigen field leads to different regularities of influence , i.e. different scaling 

laws , on the q-BIC Q-factor value; this observation is consistent with the existing report in 

Ref[254].  

 

Since the perturbations are introduced along both the X and Y axes with same parameters, 

the system maintains effective 90° rotational invariance from local field perturbation point 

of view. The transmission coefficients therefore satisfy �� �� and �� ��, rendering 

the transmission spectra under s-polarised and p-polarised illumination identical. Notably, 

the q-BIC generated exhibits minimal angular dispersion over a broad range of incident 

angles for both s- and p- polarisations. For instance, within an incidence angle range of 0° 

to 10°, the shift in resonant centre wavelength is less than 15 nm. This characteristic is 

particularly important for applications involving incoherent or focused illumination[256], 

since even when linearly polarised light is used in an optical system, the actual incidence 

inherently includes both s-polarised w.r.t YZ plane and p-polarised w.r.t XZ plane. As 

illustrated in Figure 5-2(f), the identical s- and p- polarisation responses and low angular 

dispersion ensure spectral purity when using focused light illumination within 10°. 

Although the proposed metasurface simultaneously shows narrow linewidths associated 

with the q-BIC and cross-polarisation conversion in transmission mode, the conversion 

efficiency has a fundamental limitation. For single-layer, ultra-thin passive metasurfaces, it 

can be theoretically shown that the coupling efficiency between orthogonal polarisations 

supported by a single-mode resonance has an upper limit, making complete polarisation 

conversion (CPC) impossible[251, 252]. This limitation can be derived using a four-port model: 
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��
�

�� ��
�  

��
�
 will reach maximum value of 25% when  �� = 0.5 for positive ��

�
 solutions of 

equation (1). In our structure, when linearly polarisation of the incidence light is along either 

the x-axis or y-axis, it satisfies ��   around q-BIC resonance frequency, while 

��   when away from q-BIC frequency. Consequently, non-zero values of ��
�
 

only occur in the vicinity of the q-BIC resonance. The conclusion is derived in detail using 

temporal coupled-mode theory (TCMT) in Appendix TCMT derivation.  

To overcome the 25% limit on cross-polarisation conversion at   point in a single-layer, 

ultra-thin metasurface, it is necessary to break the constraint of single-excitation or single-

mode. To maintain simplicity in our system, the breaking was achieved by introducing an 

additional low-Q mode that couples with the q-BIC mode. As shown in Figure 5-3(a), by 

adjusting the hole size or the offset  , the relative spectral position between the low-Q 

magnetic dipole (MD) mode and the q-BIC mode can be tuned. In this demonstration,  

 was fixed and the hole diameter  was varied; the corresponding maximum of �� 

is also shown in Figure 5-3(a). It can be observed that as the hole diameter increases, the 

central wavelengths of q-BIC mode and low-Q MD mode were gradually tuned to be closer. 

The critical point for �� to go beyond 25% is around . At the sampling points in 

Fig. 5- 3(a), the width of the ‘error bar’ indicates the magnitude of the linewidth of the q-

BIC mode derived from the imaginary part of the eigen-frequency solutions. As   is 

increased, however, the q-BIC mode becomes more leaky and therefore couples more easily 

to other modes. Around  , the maximum unidirectional (transmission port) 

enhancement for the cross-polarisation channel can be achieved, and at the resonant centre 

wavelength the reflected cross-polarisation channel is nearly forbidden, as shown in Fig. 5-

3(a) and 5-3(f). Through further multipolar expansion analysis, this phenomenon is 

attributed to the interference enhancement between the multipoles that contribute to the far-

field scattering cross-polarisation channel. The reallocation of the multipole components was 

caused by mode coupling, which makes the scattering field lose symmetry and realizes 

unidirectional enhancement of the scattered energy, i.e., the Kerker effect (KE)[257, 258]. In 

this case, the unidirectional enhancement is mainly because of the interference between the 

electric dipole (ED) with even parity and the magnetic dipole (MD) with odd parity 

multipole components that respectively support the q-BIC and MD modes. Taking normal 

incidence and considering only s-polarised input (x-polarisation) and p-polarised output (y-
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polarisation) as an example, the multipole components contributing to this cross-polarisation 

channel, expanded up to the quadrupole, can be written as: 

�� � �
�

� �� ��  

Where ��  denotes the complex amplitude of the far-field forward scattering; the power 

transmittance therefore is �� ��
�. The abbreviations of the multipoles are Electric 

Dipole (ED), Magnetic Dipole (MD), Toroidal Dipole (TD), Electric Quadrupole (EQ), and 

Magnetic Quadrupole (MQ).  is a normalisation parameter that is related to the amplitude 

of the incident field and unit cell area of the periodic resonator. From Fig. 3(b), it can be 

observed that the far-field scattering energy reconstructed from equation (3) agrees well 

with the transmittance obtained from the S parameters. The parts that do not match can be 

attributed to a slight asymmetric background refractive index and the presence of higher-

order multipoles. In short, Figure 5-3(b) demonstrates the validity of this decomposition. 

The expressions of multipole expansions and the choice of components are provided in 

Appendix Multipole expansion. Figure 5-3 (h)–(i) show the relative magnitudes of each 

multipole; it can be observed that the relative magnitudes of ED and MD in the hybrid mode 

rapidly approach each other and reach a maximum at . At this point, the in-phase 

� and � amplitudes are nearly equal, which satisfied the requirement of KE, achieving 

the maximum unidirectional transmission enhancement. When  is further increased, the 

relative amplitude of � decreases, leading to a reduction in unidirectional enhancement. 

It is worth mentioning that the calculations for the eigenmode analysis, quality factors and 

multi-polar expansion were conducted using COMSOL Multiphysics 6.2 wave-optics 

module. The angle-resolved transmission spectrum was calculated using the rigorous 

coupled-wave analysis (RCWA) method. In the simulations, the real part of the refractive 

index of the substrate and Ge were set to be 1.4 and 4.03 respectively, while both materials 

can be viewed as transparent in the spectral range of interest. Periodic conditions were 

applied to both X and Y directions of the unit cell. Two ports, flow-in port and flow-out port, 

were respectively placed 5000 nm below and above the germanium layer to eliminate near-

field influences. Perfectly matched layers were applied in Z direction as an absorbing 

material and to cut off the simulation region. All the calculated data were post-processed and 

plotted using MATLAB. 
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Figure 5-3 Illustration of mode coupling and unidirectional scattering enhancement.  (a) Left-axis: eigen-

wavelength vs 풋  for q-BIC mode and low Q-factor MD mode respectively. The vertical bar at each point 

represents the bandwidth of the mode derived from the imaginary part of the eigen frequency. Right-axis: peak 

cross-polarisation efficiency vs j, where around 풋 > 0.13, 푻풚풙 surpass the limitation of 0.25. (b) Comparison of 

Tyx extracted from S-parameter of the resonator and derived from multipolar-expansion components that 

contributes to cross-polarised transmission port for 풋 = ퟎ. ퟐퟓ. (e) – (g) Tyx and Ryx with different j parameters, 

(h) – (j) shows their corresponding multi-polar expansion (to quadrupole components). 

 

Considering the linewidth and transmission, a parameter of   was chosen, which 

gives a peak ��  as well as a linewidth nm in simulation.  
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5.3 Fabrication and results 

A 25x25 mm IR-grade (water-free) fused silica substrate was first cleaned using acetone and 

IPA in an ultrasonic water bath.  It was then deposited with 700( ) nm amorphous Ge 

using electron beam evaporation in a Plassys MEB 550s. An extra 30( ) nm silicon nitride 

layer was evaporated on top to enhance adhesion of the electron beam resists using plasma-

enhanced chemical vapor deposition (PECVD) in an Oxford Instruments PlasmaPro system. 

After further solvent cleaning and drying on a hotplate, the sample was spin-coated with 200 

nm ZEP520A electron-beam resist. The resist was patterned in a Raith EBPG5200 electron 

beam writer and developed successively in amyl acetate for 1 minute and o-xylene for 5 

seconds. The sample was rinsed in IPA for 1 minute to remove any residual resist. The 

developed sample was then placed in the KLA-SPTS Rapier Deep Reactive Ion Etching tool 

for pattern transfer into the Ge layer, using � � � etch gases with an 86/34 sccm flow 

rate. Finally, the sample was cleaned in oxygen to remove the last remaining resist. The 

silicon nitride layer was left as a protection layer to the upper surface, as it has nearly no 

spectral influence on the performance. 

Sixteen metasurface regions were fabricated with varying scaling factors (ranging from 0.88 

to 1.03 with step size 0.1) using the methods mentioned above, to cover the absorption band 

of butane. Scanning Electron Microscope (SEM) images of the fabricated sample are shown 

in Figure 5-4(a). It can be seen from the SEM image that vertical sidewall was achieved. 

The Fourier Transform Infrared (FTIR) testing setup is presented in Figure 5-4(b). A pair of 

NA = 0.4 Cassegrain objectives with 18-degree centre angle of incidence was used as the 

condenser and imaging objectives, respectively, forming a rigorous Köhler illumination 

optical imaging path. A customized aperture was used to block half of the Cassegrain 

objective and reduce azimuth angle of incidence. The sample was either tested under 18-

degree angle of incidence or tilted 18 degrees to form normal incidence. Characterisation 

was performed on 200 × 200 μm functional region. It is shown in Figure 5-4(c) that the 

fabricated sample showed identical spectral response in transmission for s-/p- polarisation 

illumination even under angled incidence, which is consistent with Figure 5-2. To evaluate 

cross-polarisation conversion efficiency, a pair of linear polarizers was placed before the 

condenser and after the imaging objective. As shown in Figure 5-4(d), The peak transmission 

efficiency of the sample reaches approximately  with a linewidth narrower than 60 nm, 

corresponding to a Q-factor of approximately 60 in the mid-infrared range. These data are 

comparable with transmission or modulation depth results reported in the literature for 
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experimentally fabricated metasurfaces[96, 138, 139]. The Q-factor is, however, lower owing to 

the relatively high defect density in the amorphous electron beam evaporated Ge available. 

Another important cause of the lower Q-factor observed is that the existence of ranged angle 

of incidence even when the aperture was applied. A better result both in terms of peak 

transmission and linewidth would be obtained using rigorous parallel incidence setup, e.g. 

using a highly collimated tuneable Laser. The experimental results that have been obtained 

demonstrate the scaling capability of the design. Simply multiply all geometrical parameters 

by a scaling factor S will shift the centre wavelength correspondingly. The centre wavelength 

of �� increased linearly along with the scaling factor, as derived and shown in Figure 5-4(e) 

and (f). 

 

Figure 5-4 Characterisation of the fabricated metasurface samples. (a) Tilted view SEM photo of the fabricated 

metasurface. The sample was coated with 30 nm of Cr to enhance the imaging quality in SEM. (b) Illustration 

of the optical path for transmission spectrum tests with microscopy-FTIR. (c) Experimental transmission data 
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for p-polarised incidence (dark red) and s-polarised incidence (dark blue) under 18-degree angle of incidence 

without aperture. (d) Experimental cross-polarisation transmission data in simulation (blue) and experiment 

(red) with normal incidence (red) for scaling factor 퐒 = ퟏ sample. The simulation data demonstrated was under 

normal incidence. (e) Tested transmission spectra of the fabricated samples with different scaling factors. (f) 

Derived centre wavelength of the 푻풚풙 versus scaling factor. 

 

All infrared transmission spectra of the metasurfaces were tested using a Bruker FTIR Vertex 

80v and a Hyperion 1000 microscope equipped with a liquid-nitrogen cooled MCT detector. 

The background tests were conducted in the air. The polarizer and analyser were both 

Thorlabs WP25M-IRC that were orthogonally oriented at the input port and output port 

respectively. The transmission-axes of the polarizers were either along the X-direction or Y-

direction with respect to the sample. It is worth noting that a customised aperture was applied 

to form normal incidence as shown in Figure 5-4 (b). To reduce the range of the angle of 

incidence, holes were drilled on a metal plate to form an aperture. A tape was used to stick 

the aperture on the reflective objective entrance pupil. The radius of the plate is the same as 

parameters A shown in Fig. 5-5 (a) model 50105-01. The aperture position is designed to be 

cantered at 18-degree angle of incidence, which corresponds to 7.79 mm from centre. The 

length of the aperture is 1 mm, which allows [16.9,19.2] degree angle of incidence. When 

the sample is tilted to 18-degree, the allowing AOI is [-1.1,1.2] degree. The parameters in (a) 

are quoted from https://www.newport.com/p/50105-01. 
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Figure 5-5  (a) Parameters of the reflective objective and (b) Photo of the aperture with drilled hole.  

 

The cross-polarisation sensitive transmission characteristic enables a possible form of binary 

image encoding or even more complex encryption. Here a  Quick Response code 

(QR code) format is shown as an example in Figure 5-6. A 50 × 50 μm metasurface region 

was deined as a single pixel and constructed a QR code matrix using two types of pixels 

corresponding to   and  , both with  . The   pixels 

support a lossless BIC and a low-Q MD mode, resulting in near-zero broadband transmission 

in the cross-polarisation imaging (note as cross-polarisation path) path and non-zero 

broadband transmission in the parallel polarizer-analyser path (note as co-polarisation path). 

In contrast, the regions composed of L =  units exhibit slightly weaker broadband 

transmission under co-polarisation illumination path (because of the transmission dip from 

the q-BIC), while maintaining non-zero broadband transmission in the orthogonal path. The 

correct QR code therefore only appeared under infrared illumination that includes the 

designed transmitting bands (around 3600 nm here) and using an active cross-polarisation 

imaging system, as shown in Figure 5-6 (f). The FLIR MWIR cooled camera worked in both 

passive and active imaging modes. The image of the sample taken in the passive mode, when 

the thermal emitter was shut off, is shown in Figure 5-6 (c). Images taken in active mode are 

shown in Figure 5-6 (d) and (e) with different polarisation and illumination wavelength 
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selective filters in place. The correct QR-code showed for �� setup only in Figure 5-6 (f) 

that matches with design in Figure 5-6 (b). When applying a 4.26   bandpass filter 

(Thorlabs FB4260-105) to the thermal emitter, the active imaging picture shown in Figure 

5-6 (d) had nearly identical features to passive imaging, indicating zero transmission.  

 

Figure 5-6 (a) QR-code binary encryption pixel unit design. Type 1 pixel will allow light transmission for both 

non-orthogonal polarizer-analyser (co-polarisation) path and orthogonal (cross-polarisation) path. Type 0 

pixels will only allow light transmission in co-polarisation path. (b) Optical photo of the fabricated 21×21 

formatted Quick-response (QR)-code encryption sample and its pattern design. (c) Thermal photo of the sample 

in passive imaging mode without a thermal emitter. (d) BPF: Bandpass Filter. Cross-polarisation active imaging 

photo of the sample with band-pass illumination centred at 4260 nm and FWHM ~ 100 nm. (e) BB: Broadband 

MWIR illumination [3000-5000 nm]. Active imaging photo taken under non-orthogonal path. An attenuator 

was applied in (e) to avoid saturation. (f) Cross-polarisation image under active imaging mode and broadband 

illumination that includes 3600 nm band. The colormap only applies to (f). All the scale bars shown in Figure 

5 represent 200 훍m. 

 

Finally, the fabricated 16 metasurface filters was applied with different scaling factors to 

reconstruct the absorption spectrum of butane in the MIR region. The optical setup of the 

reconstruction experiment is the same as the optical path shown in Figure 5-7(a). Butane 

gas was sprayed and applied near the light source; MIR radiation emitted from the thermal 

emitter was therefore spectrally altered by butane absorption. The transmitted light was then 

used as the illumination source to image the metasurface array. A focal plane array FLIR 

A6750sc infrared camera was placed at the image plane for data collection. By analysing the 
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relative change of the intensity of individual metasurface regions (each corresponding to a 

different central wavelength as shown in Figure 6(b)) with and without butane gas, the 

normalized transmission spectrum of butane at room temperature and pressure was 

reconstructed as described in experimental section. The reconstructed result was in good 

agreement with the NIST data as shown in Figure 6(c) in terms of the absorption bands 

(around 3400 nm in wavelength). A video that was recorded at a 25 Hz frame rate. By 

analysing such video data, continuous monitoring of the gas spectrum was achieved, 

allowing observation of the sudden release and gradual dispersion and dilution of butane gas. 

This approach can be applied as a novel method for real-time, non-dispersive infrared gas 

sensing. The design can be extended to different infrared wavelength ranges by scaling the 

pixel design and replacing the substrate with calcium fluoride.  

The intensity in each region of Figure 5-7(b) is calculated using MATLAB. The input video 

was first converted to grey scale to directly analyse intensity. Each metasurface region was 

sampled and averaged with a square region smaller than the metasurface size. Frames 

without butane influence were averaged as a reference. Then, the relative transmission 

intensity can be calculated for each frame. The scripts can be found with the open source 

following link to analyse the video input built by me. 

https://github.com/FrankBiscuit/PolXY_conversion/tree/main 
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Figure 5-7 Video-rate gas absorption spectrum monitoring. (a) An imaging optical path with butane gas 

released in the optical path. (b) Thermal image of the 16-metasurface region in active cross-polarisation 

imaging mode. The colour palette was using the built-in grey-red palette in FLIR system, where red implies 

larger readings. The scale bar is 200 microns for the images and the centre wavelengths of the metasurface 

filters were partially marked to show the scaling orientation. (c) Derive relative intensity values from thermal 

image (red-dots) and ground-truth butane spectrum taken from NIST database (blue-lines) versus wavelength. 

Three frames in the video are shown here, respectively corresponds to no butane releasing, 5 seconds after 

releasing butane gas and 30 seconds after releasing butane gas. 

 

5.4  Conclusion 

In summary, a metasurface that supports linear-to-linear cross-polarisation conversion was 

proposed. A resonance-induced cross-polarisation conversion efficiency of 30% along with 

a Q-factor of approximately 60 was experimentally demonstrated. The metasurface is 

capable of narrow linewidth spectral filtering and polarisation conversion in the transmission 

mode within the mid-infrared spectral range. It is shown that the introduction of an additional 

low-Q mode is the key to surpassing the 25% limit typically associated with single-layer 
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metasurfaces for resonance-induced cross-polarisation conversion. In this work, such a 

mechanism was achieved by enlarging the off-centre holes, which tuned the relative spectral 

position of the high-Q q-BIC mode and low-Q magnetic dipole mode. Two modes were 

tuned spectrally close to each other, enhancing the coupling, and in turn helped to surpass 

the 25% limit. The linear-to-linear polarisation conversion characteristics of the proposed 

metasurface was leveraged to realise infrared QR code encryption using linear polarizers 

only. Furthermore, the device’s narrowband filtering capability was exploited to reconstruct 

the absorption spectrum of butane in transmission mode. The proposed metasurface can be 

applied to various applications in mid infrared, including polarisation conversion, 

generalized Huygens sources, image encryption, as well as spectral sensing and detection. 

5.5 Discussion and future work 

5.5.1 Geometrical Phase of the proposed metasurface 

The proposed structure nevertheless exhibits resonance-induced chiral cross-polarisation 

conversion as a consequence of the symmetry-breaking perturbations. By so doing the 

structure is suitable for further applications, such as wavelength selective wavefront control.  

 

Figure 5-8 Non-local Huygens metasurface phase and amplitude illustration. Here the incidence light is 

3473nm RCP light while the output monitored is LCP light at same wavelength.  
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As the C2 rotational symmetry of our structure is broken, it still supports resonance-induced 

circular polarization conversion. As an example, a structure with parameters j = 0.28 and L 

= 250 nm under right-handed circularly polarised (RCP) illumination is considered. Such 

configuration will give a centre wavelength at 3473nm with linewidth smaller than 30nm. 

The corresponding transmission coefficient ��  and phase response ��  for centre 

wavelength 3473nm illumination are shown in Figure 5-8. I planned to conduct more 

experiments evolving wavelength-selective beam focusing. 

It can be observed that, as the pair of off-centre holes rotates an angle of  from 0 to  w.r.t. 

the z-axis, the structure provides a full  phase coverage because of Pancharatnam–Berry 

phase. In the meantime, the peak cross-polarization transmission efficiency remained at 

around 50% for the entire space.  This enables its functionality as an ultranarrow band 

Huygens-type source, suitable for applications such as narrow-band metalenses and beam 

steering[242, 243] 

 

5.5.2 Target Gases 

In this work, butane is selected as a demonstration gas because it has absorption lines nearly 

identical to those of CH₄, and a small batch of demonstration spray-type canisters purchased 

previously were available in the microsystem techonolgy group laboratory. It can therefore 

serve as a practical demonstration for CH₄ detection and reconstruction. The filters proposed 

in this study, operating in the mid-wave infrared with a linewidth of approximately 70 nm, 

are particularly useful for resolving gases with closely spaced absorption peaks. 

For example, Figure 5-9 illustrates several gases with absorption peaks close to each other 

in the mid-wave infrared, with data obtained from the NIST Chemistry WebBook[259]. These 

include common greenhouse gases such as CO₂, N₂O, and CH₄, as well as toxic gases like 

formaldehyde (HCHO) and CO. As shown in Figure 5-9(a), the absorption peaks of N₂O and 

CO₂ are extremely close—separated by only about 300 nm. Consequently, spectral sampling 

with a full width at half maximum (FWHM) greater than ~300 nm would be unable to 

distinguish between these two gases. Similarly, the non-overlapping portion of the CO 

absorption peak is roughly 120 nm wide. In Figure 5-9(b), the absorption peaks of HCHO 

and CH₄ overlap extensively; accurate discrimination in this case requires either 
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simultaneous use of two corresponding filter signals or the scaling-array spectral 

reconstruction method proposed in this study. 

 

Figure 5-9 Examples of targeted gases in the MWIR range. 

 

5.5.3 Germanium deposition 

The deposition of germanium film in this research was made through E-gun evaporation, the 

film was therefore amorphous-Ge. Although it still shows low loss feature in the MWIR 

range, the increased imaginary part of the material refractive index will degrade the Q factor 

of the device. Figure 5-10 shows the changing of Q factor of the eigenmode at gamma point 

in response to the increasing imaginary index. It can be seen that the Q-factor falls 

dramatically when imaginary index increases. The performance of the device is therefore 

expected to be largely improved with high quality c-Ge deposition. 
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Figure 5-10 Q-factor vs assigned imaginary index of Ge layer in simulation.  
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Chapter 6 Metasurface Enabled High-Q Photonic 

Flatband in the Mid-infrared 

6.1 Introduction and motivation 

Long lifetimes and high quality-factor (Q-factor) resonances are very important for many 

applications that involves light-matter interactions, such as laser cavities, optical nonlinear 

effects enhancement, and on-resonance chemical molecular sensing[22, 83, 231]. Bound states 

in the continuum (BIC) with theoretically infinite Q-factors have therefore attracted 

widespread attention. BICs in photonics are eigen electromagnetic modes embedded in the 

radiation continuum that do not radiate energy into free space[46, 82, 85, 89, 260]. Metasurfaces, 

composed of quasi-two-dimensional nanostructures, serve as an ideal platform for realising 

and observing electromagnetic BICs since metasurfaces can achieve flexible control of 

electromagnetic mode responses at the subwavelength scale[46, 83]. In practical applications, 

to make BICs observable, perturbations are introduced into the system to convert non-

radiative BIC into leaky modes, radiating into free space. Such resonant modes are called 

quasi-BIC (q-BIC) modes that show narrow reflection/transmission peaks in the spectrum 

and are accompanied by strong near-field enhancement. They are therefore widely used in 

spectroscopic applications[35, 39, 43, 141]. 

The mid-infrared (MIR) spectral region is crucial for spectroscopic applications because the 

MIR region includes many fundamental vibrational absorption bands of chemical 

molecules[149]. High quality factor metasurfaces like q-BIC metasurfaces working in the MIR 

region are therefore of great importance and have been widely investigated in recent years[39, 

97, 147, 171]. Typical optical systems incorporating metasurfaces use a lens to intensify the light 

to a point.  If the lens has a high numerical aperture (NA), the angular dispersion of the 

resonance wavelength of the metasurface at off-  will lead to a broadening of the spectral 

characteristic. It is therefore desirable to design and make metasurfaces with a flatband 

characteristic at the  -point in order to reduce dispersive effects that lead to spectral 

broadening and to increase density of states. Equally interesting is how to keep a high Q 

value at off- high symmetry point . Although the BIC or quasi-BIC at  has an extremely 

high Q value, the Q values of the modes containing q-BIC usually drops fast as the ∥ 

component increases[83, 84, 261]. One possible flat-band high-Q metasurface solution is to tune 

system parameters or introduce an asymmetric perturbation that supports strong coupling at 

the design frequency, between two modes with opposite band-dispersion trends. Strong 
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coupling causes band anti-crossing, realising compensation of the positive and negative 

dispersion trends, giving a flat band among certain ∥ range.  

At the same time, if there is another off-  BIC mode near the anti-crossing point, the high 

Q-value can be kept within a certain range, further increasing density of states. Most current 

reports use comb-like or asymmetric (with respect to z=0 plane) structures. They convert 

two crossing modes, which are odd/even mismatched with respect to the z=0 plane, into odd-

like and even-like modes. With an asymmetric parameter added, strong coupling between 

the two modes is realised and anti-crossing phenomenon appears[158, 165, 167, 169, 262]. These 

reports are inspiring, however, the fabrication is relatively complex, because the comb-like 

or displaced structures must introduce z-direction asymmetry, which requires careful design 

and multiple steps in fabrication. 

The key to this type of flat-band control is to create crossing modes and produce strong 

coupling. Here, a metasurface with a diatomic single-layer structure, i.e., a flat-optic 

structure, that can generate a flat-band high-Q mode by structural fine tuning is proposed. 

Generation of the flat-band high-Q mode relies on Brillouin-zone folding (BZF) and 

coupling between modes in this design. With a mechanism that I named as dual-parametric 

period-doubling perturbation (DPPD), flexible band control is realised. Without a comb-

like structure, the anti-crossing effect and band flattening can still be readily achieved. 

Because of the BZF-induced BIC at  and the FW-BIC at off- , this band shows a flat band 

and ultra-high Q value within about a 15° along the � direction shown in Fig. 6-1 a. 
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Figure 6-1 Schematic illustration of the flat optics enabled flatband and its applications.  

Fig. 6-1 b, c shows the proposed flat-band high-Q metasurface and its mechanism. 

A relative shift  between the germanium bricks in two adjacent identical units, or a width 

variation  between the two bricks will both double the effective period of the unit. This 

type of perturbation therefore can be called a period-doubling perturbation. Combining the 

two period-doubling perturbations together can produce the DPPD on the right-hand side of 

Fig. 6-1c.  By finely tuning the magnitudes of  and , a flat-band effect can be produced. 

Compared with a high-Q dispersive metasurface, this flat-band high-Q metasurface within a 

specific ∥ range can keep the resonant wavelength unchanged under focused illumination 

that will greatly benefit applications such as infrared nonlinear enhancement and on-

resonance sensing. It is worth mentioning that the concept diagram in Fig. 6-1(a) omits the 

low-refractive-index substrate that is used to support the nanobricks. 

 

6.2 Design and modelling 

Band analysis and angle-resolved transmission-spectrum simulations were conducted to 

clarify the generation mechanisms of the two high-Q flat bands. Unless stated otherwise, 
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band analysis was performed with COMSOL Multiphysics 6.2 (Wave Optics Module), and 

transmission spectra were computed with the RCWA package in Ansys Lumerical. The 

model comprised a three-layer stack: a CaF₂ substrate (refractive index = 1.4); a metasurface 

of periodic two-dimensional rectangular nanobricks (refractive index 4.033); and air above 

(refractive index 1). 

 

Figure 6-2 Illustration of band-folding caused by period-doubling perturbation. 

Fig. 6-2 demonstrated the band-folding mechanism of the proposed metasurface. First, 

consider a single meta-atom array with period   along   direction and   along  -

direction (here lower case   represents directions in real space). Its band structure is 

shown in Fig. 6-2   region. With period doubling perturbation, the effective period 

changes from  to , therefore the high-symmetry point will be folded with respect to  

ퟏ . Bands along  mirror-fold into the newly formed  path. Guided 

modes originally below the light line are folded above it, inherit the infinite-Q property of 

the parent bands, and become quasi-guided modes (QGM)[132, 263, 264]. The position of the 

QGM bands in momentum space is defined by the rectangle’s long axis  and thickness . 

In general, a larger long side corresponds to a higher frequency, with a higher effective 

refractive index. Here a parameter group of  and  is chosen as a 

demonstration. Other parameters are set to be  . The 

dimensionless frequency  is kept below 0.5 wherever possible, to reduce higher-

order diffraction influence. 
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Figure 6-3 a. Angle-resolved transmission spectrum of the metasurface with single period doubling 

perturbation. b. The 푯풛 component of eigen mode profile in z = 0 plane.   

Fig. 6-3 shows the angle-resolved transmission spectra under a tilt along the  direction after 

introducing  into the proposed metasurface, together with the corresponding eigenmode 

profiles. Two bands appear around normalised angular frequency of [0.33 0.39], respectively 

referring to SP quasi-BIC and the folded QGM for p-polarised and s-polarised excitation. 

With the width variation  , the centres of the two bricks remain symmetry centre points. 

The  components in the  plane for the two modes is shown, marked with plus/minus 

signs to indicate symmetry or anti-symmetry. It can be seen that the two eigenmodes are 

respectively symmetric and antisymmetric. The odd–even mismatch prevents any mutual 

coupling between the two modes. In the transmission spectra, they can therefore only be 

excited by p- or s-polarised light, respectively. In the band structure, they appear as two 

crossing bands, as in Fig. 6-4a.  
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Figure 6-4 Band structure of the proposed metasurface with different PD perturbation. 

Once a relative displacement � is introduced, the symmetry points at the brick centres are 

lost. The two modes therefore couple strongly, producing hybridisation and energy exchange, 

as shown in Fig. 6-5. In the spectra, both s- and p-polarised light can excite the hybrid modes. 

Meanwhile, the quasi-guided-mode band evolves into a band containing multiple BICs. It 

hosts an SP-BIC at   because of Brillouin-zone folding[143], and an interference-induced 

FW-BIC[260] near the off-  crossing point in Fig. 6-4 (a). Formation of this FW-BIC depends 

entirely on coupling and energy exchange between the original quasi-guided mode and the 

new one. As the coupling strength increases (i.e., larger perturbations), the FW-BIC position 

shifts. The strong anti-crossing between the two modes also alters the band slopes. For the 

upper band (the original guided resonances modes containing the BZF-BIC), the effect shifts 

it toward larger frequency; for the lower band, the effect is opposite. By finely tuning the 

ratio and magnitude of the two perturbations, the FW-BIC position and the shape of the 

lower band can be controlled. Here the optimised DPPD parameter is found to be �

� . The resulting flat band lies between two BICs in momentum space[162] 

and therefore retains a high Q factor larger than �. A metasurface with both flatband in 

certain  range and high Q factor is then obtained, as shown in Fig. 6-4 (c). 

 

Figure 6-5 Illustration of the flatband formation and modes hybridisation. 
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6.3 Conclusion and future work 

A new flat band metasurface formation mechanism DPPD (dual-parametric period-doubling 

perturbations) is proposed. It arises explicitly from band folding and symmetry breaking, 

which induce band anti-crossing, enable BIC-position tuning, simultaneously yielding 

flatband and high quality factor. The band folding and symmetry breaking originate from the 

DPPD (width variation � and relative translation � ). Band-structure analysis shows angle-

independent resonance over 0-15°with a Q factor exceeding �. Notably, the mechanism is 

implemented on a planar structure or so-called flat optics, greatly simplifying fabrication. 

 

Future work will proceed along three directions. 

1. Deeper understanding of the mechanism 

The formation of the FW-BIC and the tuning of the relative positions of the two BICs depend 

on the inter-mode coupling strength and on system parameters, as in ref[165]. In this study, 

the “optimal” parameters were obtained by brute-force enumeration, which is not ideal. A 

complementary approach is to analyse the evolution from a topological viewpoint and via 

the system Hamiltonian. This should enable more effective modelling of such systems and a 

more efficient assessment of how DPPD parameters shape the band structure. 

2. Fabrication 

This planar structure can be readily fabricated using exactly the same steps as in Chapter 5.3, 

and with larger feature sizes. The key consideration is that a CaF₂ substrate is not permitted 

by most JWNC dry-etch processes due to the presence of calcium. Alternative process routes 

should be considered, such as lift-off, or outsourcing to a fabrication facility that allows this 

element. 

3. Applications 

Beyond the previously noted uses—nonlinear-effect enhancement and on-resonance 

sensing—a direct and widely discussed application is in lasing. This area has attracted 

substantial recent attention. Future work will focus on this direction, with the practical 

realisation of low-threshold lasing in flat-band metasurfaces set as a postdoctoral research 

topic. 
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Chapter 7 Conclusions 
This thesis introduces the principles of metasurfaces, especially non-local metasurfaces, 

together with their applications. In particular, it focuses on two representative non-local 

metasurfaces—surface-plasmon-polariton (SPP) based resonant metasurfaces and bound-

states-in-the-continuum (BIC) based resonant metasurfaces—as well as the dispersion 

control for high-Q resonant metasurfaces.  

The design of the metasurfaces is based on finite-element methods (FEM), finite-difference 

time-domain (FDTD) and rigours-coupled mode analysis (RCWA) that help with the spectral 

transmission/reflection analysis, eigenmode analysis and angle-resolved spectral response 

analysis. These simulation methods were therefore comprehensively reviewed in the thesis, 

and it is concluded that three methods are respectively suitable for different tasks, e.g. FEM 

– eigenmode analysis and circular-polarised illumination spectral response analysis, FDTD 

– broadband spectral transmission/reflection analysis, RCWA – angle resolved transmission 

spectrum analysis. 

Building on the reviewed state of the art, three new devices or mechanism are respectively 

proposed across three subfields. Here the most important contributions of the proposed 

devices/mechanism are concluded as follows, while the detailed description can be found in 

conclusion section in each chapter: 

1. In plasmonic metasurface filters, a novel unit-cell design of dimeric aperture is 

introduced, yielding a transmission structural-colour filter with a broad gamut (76% 

sRGB coverage) while maintaining a high polarisation extinction ratio (>150 for the 

blue channel). The design can be readily applied to wavelength-selective and 

polarisation-selective display. A series of micro-scale artwork were also 

demonstrated to show the capability of simultaneous colour-polarisation control of 

the proposed structure. 

2. In the mid-infrared spectral range, a q-BIC metasurface operating in transmission is 

demonstrated. The proposed mode of operation is enabled by two symmetry-

breaking perturbations that realise linear-to-linear cross-polarisation coupling.  A 

coupling efficiency that exceeds the ~25% limit of conventional single-layer 

resonant metasurfaces for cross-polarisations is obtained using multi-pole 

interference engineering and Kerker-effect enabled unidirectional scattering 

enhancement. The design was both wavelength selective and polarisation sensitive 
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that can be used for wavelength-selective and polarisation encoded display. A 

demonstration of using the proposed device for mid-infrared gas spectrum 

reconstruction has been shown. 

3. A new mechanism for flat-band engineering in metasurfaces is proposed. In the novel 

proposed novel design, it does not require out-of-plane (z=0) symmetry breaking that 

was conventionally used for photonic flatband engineering; instead, in-plane parity 

breaking is used to induce strong coupling between otherwise uncoupled modes, 

enabling band-structure control. The in-plane symmetry mismatch of two 

eigenmodes respectively has even/odd symmetry mode profile were broken by 

introducing dual parametric period doubling (DPPD) perturbation to the periodic 

nano-bricks array. The DPPD can control the coupling strength of the modes, as well 

as tune the relative place of the BICs in momentum space. This mechanism is of 

practical relevance for high-Q infrared metasurfaces. 
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Chapter 8 Future Work 
 

These foundational studies open many avenues for extension and application. A few planned 

directions are outlined below; more detailed descriptions are presented in the corresponding 

sections of Chapters 4, 5, and 6. 

Dimeric aperture plasmonic filter (multimodal imaging).  

This will be developed for imaging, termed “multimodal imaging”. The future project 

integrates physics (metasurface features), hardware (metasurface + SPAD), and software 

algorithms (advanced deep-learning methods). The proposed metasurface design will serve 

as a functional surface layer to the detector and be integrated onto a depth-sensing single-

photon avalanche diode (SPAD) via UV-glue flip-chip bonding, enabling polarisation–

colour–depth, what I would like to call information-super-rich imaging that greatly expands 

the informational content of an image. A collaboration with the Heriot-Watt team is planned. 

Linear-to-linear cross-polarisation conversion metasurface. 

Its use for real-time spectral reconstruction has been demonstrated. With improved thin-film 

deposition of the functional metasurface layer, the linewidth and maximum transmittance of 

the proposed device can be further optimised to approach the designed performance. This 

likely requires higher-cost atomic-layer deposition of Ge films, though the cost can be 

mitigated by switching to an Si platform. The current real-time reconstruction is qualitative; 

future work will formalise it into a quantitative experiment using a mass-flow controller, and 

progress towards a manufacturable device. 

Flat band metasurface*. 

A new design method for flat band metasurfaces has been presented. The focus on this topic 

stems from the practical limitations imposed by angular dispersion in my research. The study 

introduces an in-plane symmetry-breaking route to form strong coupling and band-structure 

control for flat-band engineering. Future efforts will emphasise completing and formalising 

the theoretical framework, strengthening the mathematical treatment, and developing 

compatible fabrication processes that will be a central theme of my future research career. 

Currently, I am working on grant applications in this area. I have completed a new design 

and published the work in EPJ Applied Metamaterials. What is now required is precise 
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fabrication. This work shows considerable promise for enhancing light–matter interactions, 

and the platform has the potential to make significant contributions to applications involving 

such interactions, including low-threshold lasers, nonlinear effects, and strong coupling 

regimes. 
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APPENDIX 

Temporal Coupled Mode Theory and cross-polarization conversion limit 

The proposed structure is an ultrathin metasurface with a thickness of 700 nm, operating at 
wavelengths on the order of 3000 nm. It is therefore a non-magnetic, planar system that 
supports only zero-order transmission. The substrate used is low-refractive-index material 
(RI=1.4), which approximately preserves mirror symmetry with respect to the z-axis. 
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Considering the system supports only one single resonant mode  with single excitation 
port, the amplitude will be governed by: 

�
�  

� �  

Where: 
- �  Eigen angular frequency of the resonant mode 
- : Total decay rate including all loss channels 
- � �: Input and output wave amplitude vectors, such  subscripts indicates the direction 
- : Coupling matrix from input to the resonator 
- : Coupling matrix from resonator to output 
- : Direct (no resonance involved) transmission coupling matrix 
The resonant can be described in the steady-state regime by: 

� �

�
 

� �
� �

�
 

From  to , the total S matrix can be derived as: 

�

�
 

Considering a four port (x-pol in, y-pol out, y-pol in, x-pol out), �� at resonance is given by 

��
�, focusing on the expression of �� at q-BIC eigen frequency. Because of the energy 

conservation, reciprocity, and time-reversal symmetry requirements, the system satisfies 
� �   and   Then the expression of �� (cross-polarization term) can be 

written as: 

��
� �

�

Energy conservation condition requires �
�

�
� , hence 

�� ��
� �

�
�

�

�  

And the maximum �� of 25% is obtained when �
�  for a lossless system. 

 

Multipole expansion expression 

The multi-pole expansion to quadrupole order presented in Figure 2(f) in the main text 
were calculated using following expression in integral form, which includes electric dipole 
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(ED) moment, magnetic dipole (MD) moment, toroidal dipole (TD) moment, electric 
quadrupole (EQ) moment, and magnetic quadrupole (MQ) moment. 

→ →
�  

→ → →
�  

→ → → → �
→

�  

��
(�)
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→ →
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where  and  are the speed and angular frequency of electromagnetic field(light), 

respectively. The subscripts represent  in Cartesian coordinate. 
→

 is the current 
density distribution in a unit cell which has the expression: 

→
�
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The far-field scattered power of them can be expressed by the following formulas[239]: 
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The integral area was set to be the germanium nano disk with holes. The total scattering 
power in the far field were calculated using following expression: 

����� � �

�

�

→ →
� �(�) �(�) �

 

Such scattering power is calculated and integrated using COMSOL Multiphysics. For 
incidence along the z direction, the y-polarized component (electric field) of the output after 
the resonator has the following contributions from each multipole:  
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The component of 
→

 along 
→

 direction：  
→ →

, take the subscript �, i.e. � 

The component of 
→

  along 
→

  direction：   
→ → → → → → → →

 , 

take the subscript �, i.e. �. 

The component of (�)
→

  along 
→

  direction：   (EQ) 
→ (�)

→ →
 , take the subscript 

(�)
��, i.e. ��. 

Similarly, take � and ��. 

Tips for Optimising Large periodic arrays (Based on personal experience): 

1. Automate layout/pattern generation. This can save a significant amount of time 
when arranging array lattice constants and meta-unit dimensions. A basic example is 
provided in the Appendix. At the 2023 JWNC mini-conference, I emphasised the 
advantages of this approach where the slides can be found on JWNC wiki. 
Automation can also be extended to simulations: although defining individual meta-
units in a metasurface is conceptually straightforward, it is highly repetitive. Such 
tasks are ideal for scripting and coding. Lumerical provides a Python API, and in the 
current AI era, this has become even easier than three years ago. Consequently, 
inverse design and optimisation workflows can be accelerated considerably. 

2. File format optimisation for large-scale EBL work. In JWNC EBL projects, 
Beamer software typically uses GDSII as the standard tutorial file format. However, 
the arrays in Chapter 4 of this study span millimetre-scale micro-/nano-arrays, 
causing GDSII file sizes to reach hundreds of megabytes, and sometimes exceeding 
1 GB. This imposes a significant burden on reading, writing, and transferring files. 
By using open-source software such as KLayout or commercial alternatives, GDSII 
files can be converted to OASIS format without not information loss nor pattern 
compression, resulting in a tenfold or greater reduction in file size. This provides a 
substantial advantage for storage on shared academic servers and for Beamer 
read/write efficiency. 

3. Dose control in E-beam lithography. The most critical parameter is the exposure 
dose. The primary positive resists used in this work include CSAR, ZEP520A, and 
PMMA. ZEP520A generally requires the lowest dose, but the difference relative to 
CSAR is not large. PEC (proximity effect correction) can help compensate for 
morphology differences between the centre and edges of an array due to back 
scattering of the electrons, but for large-array structures, this is generally of limited 
significance. In particular, for multi-period nonlocal modes, small differences at the 
edges have negligible effect on the overall transmission spectrum. PEC, however, 
can significantly increase Beamer memory usage and slightly extend EBL writing 
time. In practice, I optimise dose and beam current through dose tests to select the 
minimum acceptable dose, and do not use PEC. This approach can yield substantial 
reductions in EBL write time. 
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Example of code for GDS generation 

Here an example of the code generating GDS patterns is shown, which corresponds to the 
case in Chapter 5. 

import pya 

import numpy as np 

import math 

import time 

# import python pya api module 

 

time_start = time.time() 

# parameter definition 

rec_w0 = 500 

rec_l0 = 700 

p0= 1400 

g10 = 200 

g20 = 120 

j= 0.16 

o�set0 = 0 

# Initialise 

# define hex function 

for i in range(1): 

    layout=pya.Layout() 

    top = layout.create_cell('top') 

    hex_cell = layout.create_cell('hex') 

    temp = layout.create_cell('temp') 

    hex_layer = layout.layer(1,0) 

    temp_layer = layout.layer(2,0) 

     

    def draw_hex(a,o�set1,o�set2): 

        nr_points = 20 #number of points 
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        angles = np.linspace(0,2*np.pi,nr_points+1)[0:-1] 

        points = [] #array of point 

        for angle in angles: 

            points.append(pya.Point(a*np.cos(angle),a*np.sin(angle))) 

        hex_unit = pya.SimplePolygon(points)         

        hex_cell.shapes(hex_layer).insert(hex_unit.moved(o�set1,o�set2)) 

               return    

         

    def draw_rec(w,l,g1,g2,p): 

        rec1 = pya.Box() 

        rec1.left= -(w+g2)/2 

        rec1.right = (w+g2)/2 

        rec1.top =  l/2 

        rec1.bottom = -l/2 

        hex_cell.shapes(hex_layer).insert(rec1)         

        rec1 = pya.Box() 

        rec1.left= -(w-g2)/2 

        rec1.right = (w-g2)/2 

        rec1.top =  l/2 

        rec1.bottom = -l/2         

        hex_cell.shapes(hex_layer).insert(rec1.moved(p/2-g1,0))     

        # hex_cell.shapes(hex_layer).insert(rec.moved(p*math.sqrt(3)/2,p/2))         

        return    

 

    k = 1 

    rec_w = rec_w0*k 

    rec_l = rec_l0*k 

    p= p0*k 

    o�set = o�set0  

    g1 = g10*k 

    g2= g20*k       

    cell_pitchx = p 
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    cell_pitchy = p 

    vec = cell_pitchx 

## draw hex     

    draw_hex(rec_w*j,o�set,0) 

    B = pya.Region(hex_cell.shapes(temp_layer)) 

     

    draw_hex(rec_w*j,0,o�set) 

    C= pya.Region(hex_cell.shapes(hex_layer))    

     

    draw_hex(rec_w,0,0)     

    A = pya.Region(hex_cell.shapes(hex_layer))  

    D = A-(B+C)     

    #### Lift-o�/Negative version 

    bg = pya.Box() 

    bg.left= -cell_pitchx/2 + cell_pitchx/4  -205 

    bg.right= cell_pitchx/2+ cell_pitchx/4  -200 

    bg.top =  cell_pitchx/2 

    bg.bottom = -cell_pitchx/2 

    hex_cell.shapes(hex_layer).insert(bg) 

    E = pya.Region(hex_cell.shapes(hex_layer))         

    F = E-D        

     

    temp.shapes(hex_layer).insert(F)      

     

     

     

     

    # define x and y repeats 

    x_repeat = np.floor(100*1000/cell_pitchx) 

    y_repeat = np.floor(100*1000/cell_pitchy) 

     

    # cell array     
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    array_hex = pya.CellInstArray(temp.cell_index(), pya.Trans(pya.Point(0,0)), 

                                    pya.Vector(0, vec),pya.Vector(vec, 0),  

                                    x_repeat,y_repeat)    

     

    top.insert(array_hex) 

    hex_cell.delete() 

     

    layout.write(f"100umstate_0.gds") 

     

end_time = time.time() 

# execution_time = end_time - time_start 

# print(f"Execution time: {execution_time:.8zf seconds") 

##save as gds file 
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