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Abstract

This study successfully demonstrates, for the first time, surface plasmon resonance (SPR) imaging
of plasmonic metasurfaces using the pyramidal interference lithography (PIL) technique. The
research focuses on designing, simulating, fabricating, and characterizing metasurfaces with
various rotational symmetries. To accomplish this, azobenzene-based thin films were spin-coated
onto glass substrates and patterned using PIL, employing pyramids with 3, 4, 6, and 8 faces to
generate metasurfaces with corresponding rotational symmetries. Python-based simulations of
multi-beam interference were employed to visualize pattern formations that closely resembled the
experimental results from PIL. SPR spectrometry revealed distinct plasmonic responses for each
metasurface, with observed deviations in SPR wavelengths and pitch values generally within a 10%
margin of expected values. Notably, metasurfaces with 6-fold symmetry demonstrated excellent
accuracy in the infrared range, with deviations of less than 1%. The study also introduces a dual-
pyramid setup capable of generating larger pitch sizes suitable for infrared SPR measurements. In
addition, this work developed a lens-pyramid system capable of fabricating metasurfaces with a
range of periodicities and demonstrated its capability to achieve this on the micron scale. Overall,
this work establishes PIL as a viable technique for fabricating plasmonic metasurfaces that can be
imaged through SPR and supports the continued development of SPR imaging and sensing
platforms.
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Chapter 1: Introduction

All physical systems, including those found in nature, have inherent frequencies at which they tend
to oscillate—and a collection of unbound, free-moving electrons on a metal surface is no
exception. The natural oscillation frequency of free electrons within a conductive medium is called
the plasma frequency [1]. When light strikes a conductive surface at frequencies near its plasma
frequency, it drives the conduction electrons on the surface to collectively oscillate in resonance
with the light’s electromagnetic field [1, 2]. These electron oscillations, coupled with the light,
effectively confine the electromagnetic energy to the surface [2]. This produces surface-bound
electromagnetic waves known as surface plasmons (SPs) [2], which can be interchangeably called
surface plasmon waves (SPWs) [3]. Since these waves combine both light and electron oscillations,
they can also be referred to as surface plasmon polaritons (SPPs) [2][3].

The phenomenon by which incident light excites SPWs at a metal-dielectric interface is known as
surface plasmon resonance (SPR) [1, 2]. This resulting resonance condition is susceptible to
changes in the surrounding refractive index, making it a powerful tool for optical sensing [4],
subwavelength optics [2] and surface-enhanced spectroscopy [5]. The sensitivity to variations in
refractive index can be improved using structured surfaces, such as gratings, which provide a
means to couple incident light to surface plasmons efficiently [6].

Gratings are periodic structures composed of repeating elements that diffract incident light into
multiple orders, producing controlled alterations in its phase and/or amplitude [7]. The periodicity
of the grating determines the resonance conditions for various optical phenomena, such as SPR
and extraordinary optical transmission (EOT) [8]. Depending on their design, gratings can be used to
amplify light-matter interactions. One of the techniques that utilizes amplified interactions due to
SPRis called SPR imaging (SPRi).

SPRi utilizes reflected light intensity variations across a surface to detect changes in the refractive
index at a metal-dielectric interface [9] . This technique has provided a way to probe nanoscale
phenomena, making advancements related to sensing [10, 11] and nanophotonics [12]. This
progress has been further propelled by the emergence of metasurfaces — engineered two-
dimensional nanostructure arrays [13].

Over the past decade, the development of metasurfaces has expanded the capabilities of SPRi,
providing a platform for control over electromagnetic wave propagation, such as demonstrating
absorption over the visible spectrum [14] and enhanced biosensing [15, 16]. These metasurfaces,
composed of dielectric or metallic nanostructures, manipulate light by inducing phase, amplitude,
and polarization shifts at the interface [17, 18]. This allows for novel functionalities for controlling
nonlinear optical responses [19], wavefront control for augmented reality [20], and enhanced light
scattering [21].

The design of metasurfaces involves patterns in planar configurations and can be fabricated with
methods such as lithography [22], pattern transfer [23], and methods involving the direct write
approach [24, 25]. Among these methods is the construction of metasurfaces with photonic
quasicrystals (PQCs). These patterned surfaces provide additional degrees of freedom in periodic
[26, 27] and aperiodic structures [28] to further enhance surface plasmon generation [29]. PCs
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exhibit a well-defined periodic dielectric function that guides electromagnetic waves [26, 27, 30]
while obeying rotational and translational symmetry. Meanwhile, PQCs introduce long-range order
without strict periodicity [28], obeying rotational symmetry but not translational symmetry. Given
these properties, integrating metasurfaces with SPRi has shown advancements in precision
spectroscopy [31], rapid detection of viruses [32], and plasmonic metalenses [33]. However,
realizing these capabilities in practical devices may necessitate elaborate fabrication methods.

These advanced functionalities rely on precise nanofabrication—the process of creating nanoscale
structures on materials—which requires specialized techniques [34]. Among these is the
interference-based fabrication methods, such as the Pyramidal Interference Lithography (PIL)
technique, providing a highly precise and scalable approach for structuring metasurfaces [30]. This
level of precision in nanofabrication partly depends on the thin films used, which serve as the
foundational medium for interference-based lithography.

Thin films serve as the photosensitive or structurally modifiable layer where periodic
nanostructures are inscribed and patterned [35, 36]. In some cases, it is possible to achieve sub-
wavelength nanostructuring [37]. However, by leveraging interference patterns generated by
multiple beams, thin films enable precise patterning with nanoscale resolution [38] and facilitate
scalable fabrication of metasurfaces [39].

This thesis investigates the capabilities of the PIL technique in fabricating metasurfaces optimized
for SPRI. By leveraging the PIL technique for the development of plasmonic metasurfaces that
enable SPR detection, it provides a pathway toward more sensitive and cost-effective imaging
technologies. The integration of a light-responsive thin film, in conjunction with the PIL technique,
during the fabrication process enables dynamic control over the tunability and optical properties of
the metasurfaces, making them suitable for a wide range of applications.
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1.1 Grating-Based Plasmonics and Their Applications

Plasmonic gratings are metallic gratings designed to manipulate light through the excitation of
SPWs [40]. Diffraction gratings give a compact approach to coupling incident light to surface
plasmons for SPR excitation [41]. The operation of plasmonic gratings is presented in Figure 1.

Incident wave Reﬂxted wave
SPW excited with
diffraction wave m=1

] ’*e P 4o 4o
M"a' (e2) Metal grating

Silicon substrate

(a) (b)

Figure 1. (a) lllustration of angle formation for higher-order reflections from a grating structure. (b)
Representation of surface plasmon wave (SPW) excitation on a metal grating with periodically
structured gratings (1D gratings). Adopted from Nan-Fu Chiu [42]

The grating presented in Figure 1(b) consists of periodically structured metallic lines or grooves
fabricated onto a dielectric substrate. These structures enable light to diffract into specific orders,
providing the necessary in-plane momentum to excite surface plasmons.

The following explores various categories of grating-based plasmonic systems, each playing a
distinct role in manipulating SPR phenomena. Amongst them are the one-dimensional plasmonic
gratings, as shown in Figure 1, where light is reflected in different orders at an angle 6, . The electric
field of the light is polarized perpendicular to the grooves of the grating. The grating spacing (A4)

allows the momentum vector Ex, along the plane of the interface, to gain an additional component
of magnitude K = 27” [43]. The periodicity of the grating A and angle of incidence determine the

oy . . . 2
resonance condition needed to excite surface plasmons, thus satisfying kspr =k, + m% [1].

Building on the concept of 1D gratings, 2D plasmonic gratings feature periodically arranged
nanostructures along both the axes of the grating plane (being the x and y axes by Figure 1),
enabling plasmon propagation in multiple directions along the plane of the gratings and supporting
multi-modal SPR [44]. It is important to note, as mentioned in the introduction, that metasurface
designs are typically based on planar configurations [22]. As such, two-dimensional plasmonic
gratings can also be classified as plasmonic metasurfaces [45]. Furthermore, recent research
explores the integration of 2D plasmonic gratings at the rear electrode of thin-film solar cells,
demonstrating a high absorption rate as well as an increase in short-circuit current and efficiency
through optimized periodicity, width, and depth of the grating structure [46].

Extending the concept of two-dimensional periodicity, another notable class of 2D plasmonic
structures is nanohole arrays, which consist of regularly spaced perforations in a metallic film and
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have been shown to facilitate EOT through SPR [47]. A recent study developed a hybrid optical
sensor that combines porous silicon monolayers with plasmonic nanohole arrays, achieving
enhanced sensitivity through SPR effects and demonstrating strong potential for label-free
detection of toxic substances [48].

Thus far, only cases with constant grating periodicity have been presented. However, the pitch value
(A) can gradually vary, leading to what are known as chirped gratings—structures where the grating
period changes along an axis. In 1D chirped gratings, the period varies along a single axis, while 2D
chirped gratings exhibit variations along two separate axes, producing more complex diffraction
patterns and enabling spatially dependent resonance effects. Such structures have been shown to
achieve SPR in several different bandwidths [49] as well as broaden the SPR bandwidths [50].
Plasmonic Azimuthally Chirped Gratings (ACGs) extend this concept by introducing a radial
variation in grating periodicity, allowing for spatially resolved broadband photon—-plasmon coupling
[51]. ACGs enhance nonlinear optical processes, such as two-photon photoluminescence (TPPL)
and second harmonic generation (SHG) [51].

1.2 Recent Advances in Surface Plasmon Imaging and
Metasurfaces

The advancement of metasurfaces has led to innovations and enhancements in plasmonic
technologies. Recent studies have demonstrated that ultrathin metasurfaces can amplify SPR
signals, improving detection sensitivity in biosensing applications [52]. Under optimized conditions,
these enhancements have achieved single-molecule detection, expanding the potential for SPR-
based techniques [52]. Furthermore, recent work has focused on overcoming the limitations of
noise vulnerability and the narrow range of refractive index changes in traditional intensity-
interrogation surface plasmon resonance (I-SPR), a specific method within surface plasmon
resonance imaging (SPRi) that directly measures changes in reflected light intensity at fixed angles
and wavelengths. In this study, rather than using a fixed wavelength, the system dynamically
selects the optimal one for each region of interest (ROI) from a chip located on the sample’s
refractive index [53]. This system can track changes in refractive index over a much wider range
than conventional I-SPR and has demonstrated the capability to detect multiple biomolecules
simultaneously. Apart from optimization, research has also been dedicated to advancing the
development of metasurfaces for influence over SPRi.

The development of active metasurfaces, which dynamically adjust their optical properties in
response to external stimuli, has significantly expanded the functionality of plasmonic devices,
unlike passive metasurfaces, whose properties remain fixed by design and material composition
[54]. One prominent approach involves flexible substrates that stretch or compress, altering the
spacing and coupling strength between nanostructures to tune resonance frequencies [55].
Electrostatic interaction provides another method, where applying a voltage induces displacement
in nanostructures, modifying their optical properties [55, 56]. Furthermore, research into
disordered metasurfaces and photonic structures has revealed novel light localization effects,
extending the capabilities of SPR-based imaging techniques [57]. In addition, some studies have
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shown that the use of plasmonic gratings can improve interactions across spectral domains other
than visible and infrared [58].

Recently, plasmonic grating structures have been explored for optimizing light-matter interactions
in terahertz applications. Specifically, integrating a plasmonic grating structure into a large-aperture
photoconductive antenna (PCA) resulted in a two-fold enhancement of terahertz radiation intensity
compared to conventional designs where the performance increase is attributed to plasmonic
effects [58]. Furthermore, the fabrication of two-dimensional gratings on azobenzene thin films
demonstrated that their resonance behavior can actively control narrowband transmission peaks,
tunable intensity, wavelength, and polarization conversion by external light due to the
photomechanical response of the material [18].

Grating-based plasmonic structures and metasurfaces have advanced SPRi through precise
control over light-matter interactions and the engineering of periodic patterns. From one-
dimensional and two-dimensional gratings to nanohole arrays and chirped-pitch gratings, these
innovations have provided advancements in SPR sensitivity, biosensing capabilities, and imaging
[52]. Through optimized grating geometries improvements in resonance tuning [10, 11], high-
contrast imaging [53] and nonlinear optical effects [19] have been achieved, thereby broadening
the applications of SPR-based technologies. As metasurfaces and fabrication techniques continue
to evolve, grating-based plasmonics will likely remain integral to the development of next-
generation photonic devices.

1.3 Methods for SPR excitation

SPWs cannot be excited by direct illumination on a flat metal-dielectric interface due to the
momentum mismatch between incident photons and surface plasmons [1]. To overcome this,
various coupling techniques are employed to match the momentum and enable SPR excitation. The
most widely used methods include prism coupling—specifically the Kretschmann and Otto
configurations—where total internal reflection (TIR) is used to transfer energy to surface plasmons
[1]. These two configurations are presented in Figure 2,
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Figure 2. lllustration of prism coupling method to achieve SPR through TIR in both the Kretschmann
(a) and Otto (b) configurations, showing the light path for excitation of SPR adopted from Maier [1].

The Kretschmann configuration, presented in Figure 2 (a), depicts a thin metal film on a prism with a
high index of refraction. Light is directed through the prism in its transverse magnetic mode, or P-
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polarized light (with the magnetic field vector pointing towards the y-axis), and undergoes TIR at the
metal-dielectric interface [1]. At a critical angle of incidence, the electric field extends into the
metal during TIR, and light traveling parallel to the interface matches the momentum of the surface
plasmon wave [1]. This results in a dip in the reflected light intensity, indicating SPR coupling [1].

The Otto configuration, shown in Figure 2 (b) is another prism-based method for SPR excitation.
Unlike the Kretschmann setup, the metal film is not in direct contact with the prism. Instead, a thin
air gap separates the prism from the metal surface [1]. P-polarized light undergoes total internal
reflection within the prism, generating an evanescent wave that decays through the air gap and
interacts with the metal surface [1]. When the wave vector of this evanescent field matches that of
the surface plasmons, it satisfies the resonance condition for SPR. The Otto configuration allows
for the study of interfaces without direct contact between the prism and the metal [1].

Beyond prism coupling, the grating coupling method introduces a periodic structure, such as a
grating, on the metal surface the operations of which were presented in section 1.1. However, one
thing to note is that SPWs along a structured surface could also couple back into free-space
radiation, transferring that energy as photons of light [1]. This can be captured as peaks, instead of
dips, in light intensity. This will be an important part of carrying out some of the experiments in this
thesis.

1.4 Azobenzene Thin Films

One of the tools used for fabricating nanoscale plasmonic gratings involves the use of azobenzene-
based thin films. Azobenzene is a light-sensitive material that can change shape when exposed to
light [59]. When azobenzene molecules are hit with specific wavelengths of light, such as one
produced from a laser, they undergo a reversible transformation between two configurations—
called trans and cis—isomers [59]. These two configurations are presented in Figure 3.

trans cis

Figure 3.illustration of Isomers of azobenzene

This change in shape causes a physical movement within the material, which can lead to a shiftin
surface structure [60, 61]. When azobenzene is deposited as a thin film on a surface, this property
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can be used to pattern structures on the films[61]. One important application of this technique is in
the fabrication of gratings and metasurfaces.

With azobenzene-based thin films, gratings can be created by interfering with two or more laser
beams on the surface. The interference pattern creates alternating regions of light and dark, and the
azobenzene responds by rearranging its molecules to form a pattern that mimics this light
distribution. As a result, gratings or metasurfaces are formed directly on the film without needing
any etching or physical photomasks [30], which are transparent plates with opaque patterns to
block or transmit light in specific areas [62].

Azobenzene-based grating structures are especially useful in optics and plasmonics because they
offer precise control over feature size and shape [39]. Moreover, the process is reversible, meaning
the grating can be erased and rewritten, allowing for dynamic or reconfigurable optical elements
[63].

1.5 Pyramidal Interference Lithography (PIL) technique for
Metasurface Fabrication

Conventional methods, such as electron beam lithography (EBL) and focused ion beam lithography
(FIB), are widely used for microfabrication due to their ability to create precise patterns at the
micro- and nanoscale. These techniques have demonstrated advancements in high throughput for
large-area nanostructuring [64], multiscale fabrication of integrated photonic chips [65], and
deterministic defect creation in silicon carbide for quantum applications [66]. These techniques
are also instrumental in the fabrication of photonic crystals [67]. However, their reliance on
sequential patterning and stitching processes can be time-consuming, especially when dealing
with large areas for patterning. Furthermore, sequential inscription and overlay of patterning can
damage and create errors in the fabricated structures [68]. Additionally, the high cost of exposure
tools and masks makes these methods economically viable only for large-scale production.

Both prisms and phase masks can be used to generate interference patterns, but these techniques
operate through different mechanisms. Prisms function by redirecting and splitting coherent light
beams at specific angles, allowing the beams to overlap and form periodic interference fringes [69].
This approach enables precise control over the spacing of the resulting pattern based on the beam
angle [69]. In contrast, phase masks use variations in thickness or refractive index to introduce
phase shifts in a single incident beam, creating self-interference without the need for multiple
beam paths [70].

Interference lithography is a method for fabricating periodic nanoscale structures without requiring
complex photomasks or direct-write techniques [71]. Multi-beam interference lithography operates
by splitting a large-diameter collimated laser beam into multiple coherent wavefronts using
transmission phase masks [72]. The interaction of these beams creates a structured interference
pattern, with the resulting periodic features determined by the design and orientation of the phase
mask [72]. One of the key innovations in this field is Pyramidal Interference Lithography (PIL), which
employs pyramidal prisms to generate multiple interference beams, and enable the fabrication of
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highly ordered 2D nanostructures [71]. Compared to the mask-based lithography, PIL offers a
scalable and cost-effective approach for producing metasurfaces with nanoscale features [71].

PIL is an extension of multi-beam interference lithography, where a collimated laser beam is
directed onto a pyramidal prism. The portion of the prism refracts the incoming beam, generating
multiple wavefronts that interfere constructively and destructively, producing a high-contrast
intensity pattern [69]. This interference pattern is recorded onto a photosensitive material (such as
Azobenzene) and can be used to fabricate nanoscale photonic crystal structures to produce
metasurfaces [73]. During laser inscription, the resulting patterns have rotational symmetry, which
depend on the number of pyramid faces used [30]. Compared to conventional biprism-based
methods, the pyramidal prism-based approach offers larger-area patterning with a reduced number
of required optical components, making it highly suitable for metasurface fabrication [74, 75].
Experimental studies have demonstrated the ability to fabricate structures with pitch sizes below
500 nm using deep ultraviolet (DUV) light sources and pyramidal prisms with edge angles of 30.4°
[71]. Holes with diameters around 187 nm and periodicities of 414 nm were successfully fabricated
using a 266 nm UV laser and a fused silica prism [71].

1.6 Motivation and Significance of Research

The significance of this thesis is in its potential to bridge the gap between traditional
nanofabrication methods and scalable, high-throughput techniques for metasurface production.
By demonstrating a scalable approach for fabricating large-area plasmonic structures with fine
control over their optical properties, this research will contribute to the advancement of SPR
imaging. The ability to control plasmonic resonances has implications for biomedical diagnostics
[76], environmental monitoring [77], and optical computing [78]. This research aims to deepen the
understanding of light-matter interactions at the nanoscale, by investigating the interplay between
SPR and engineered metasurfaces, furthering the development of next-generation photonic
technologies. This thesis presents a comprehensive study on the fabrication of plasmonic
metasurfaces using the PIL technique and, for the first time, investigates the SPR imaging of PIL-
fabricated plasmonic metasurfaces. Integrating simultaneous multi-beam interference lithography
with SPR spectroscopy and imaging, could pave the way for new plasmonic sensors and imaging
systems, contributing to the broader field of nanophotonics. The following chapters will provide an
in-depth analysis of the theoretical framework, fabrication processes, and experimental
methodologies underlying this research.

1.7 Structure of Thesis

This thesis is structured into five main chapters. Chapter 2 delves into the theoretical framework,
beginning with the dispersion relation for surface plasmon waves and progressing through related
concepts such as irradiance, Malus’s Law, and multi-beam interference. This chapter also includes
mathematical modeling for grating-based SPR coupling and detailed ray tracing analyses for
various PIL configurations—single pyramid, dual pyramid, and lens-pyramid systems—highlighting
their role in patterning periodic structures with tunable pitch sizes.
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Chapter 3 focuses on the experimental procedures, describing the materials and methods
used for nanofabrication, including fabrication of pyramids, spin-coating of azobenzene films, laser

inscription using PIL technique, and subsequent gold deposition. It also covers the techniques
used to measure the depth and pitch of the metasurfaces as well spectrometry.

Chapter 4 presents the spectrometry results obtained from metasurfaces patterned with
different rotational symmetries, including 3-fold, 4-fold, 6-fold, and 8-fold. The results also show
the SPR imaging for metasurfaces produced through PIL technique exhibiting 3-fold and 4-fold
rotational symmetry. Furthermore, each structure’s SPR characteristics are discussed and
compared with expected values. Lastly, the effectiveness of PIL techniques in producing a
metasurface of different pitch sizes is evaluated.

Chapter 5 concludes the thesis by summarizing key findings and proposing directions for
future research.
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Chapter 2: Theoretical Overview and Mathematical
Modelling

2.1 Dispersion relation

As mentioned in Chapter 1, surface plasmon resonance (SPR) occurs at the metal-dielectric
interface when incident light, under specific conditions, excites collective oscillations of free
electrons on the metal’s surface [1] . These oscillations are confined to the dielectric-metal
interface and propagate along it, decaying exponentially perpendicular to the surface, [1] as shown
in Figure 4,
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Figure 4. (a) Surface plasmon wave (b) Electric field amplitude near the surface.

The dispersion equation for surface plasmon waves describes the relationship between their
frequency and wavevector, showing how these waves propagate along a metal-dielectric interface.

The in-plane momentum for SPW along the metal-dielectric interface (on the z axis) can be
expressed with the generalized dispersion equation [1]:

(1)

k, = kspyw = \/koz(er—le”)( €r2Ur1 — 6r,1ur,2)
€r2 — er 1

Here €., and €, , are the electric permittivity for the dielectric and metal respectively, while u,.; and

u, , are the magnetic permittivity. It isimportant to note that k, represents the momentum of

incident light. Since the experimental format deals with gold as the metallic layer and air as the

dielectric medium, both of which are non-magnetic, then u,.; = u,., = 1. The dispersion equation

(1) reduces to the following [1, 79]:

(Er,1 er,z)
(er,z + er,1)

k, = kspw = ko

It reveals that surface plasmons have higher momentum than incident light on the metal-dielectric
interface, which is why special coupling methods are needed to excite them [1] . To further
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elaborate, this is considering the terms in front of k,, is greater than 1 the experimental
determination of which is discussed in section 2.4. Substituting k, = % , Where w is the light
frequency and c is the speed of light, into (72) yields:

(3)

(€n1€n2)

kspyy = — | ~ratr2)
SPw (Er,z + Er,1)

Itis important to note that €,., is a complex quantity, which in turn makes the surface plasmon
wavevector kgpy, complex [79]. As result, SPWs experience energy loss as they propagate, with
their intensity diminishing over a characteristic distance known as the propagation length [79]. For
metal-dielectric interfaces in the visible range, this length falls between 10 and 100 microns [79].

2.2 Irradiance and Malus’s Law

Since the momentum vectors are not directly measured by instruments, it is useful to understand
how light irradiance, sometimes referred to as intensity, can be modelled mathematically as the
experimental observations rely on the irradiance of a given beam interacting with a surface. This
can be done using Maxwell’s equations in frequency space, with no free currents. Under these
conditions, according to electromagnetic wave theory the electric field component E,, and
magnetic field H,, component can be expressed as the following [80, 81]:

k,H, = —€o€,wEy (4)

Here €, is the permittivity of free space and €, is the relative permittivity. As such, k, can be
expressed as [80, 81]:

2T nw (5)

Where, 1 is the wavelength. By substituting (5) into (4) and assuming vacuum conditions withn = 1

andc = J% yields [80, 81]:
0€o

(6)
€€y
H,= — |—E
y U x

Here u, is the permeability of free space. Taking the magnitude of the ratio of fl—" the following
y

expression is obtained [80, 81]:

Ug 1 (7)
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1. . . . .
—=Is the impedance. The instantaneous energy flow in an electromagnetic wave can
0

A €E0€r

be calculated from the pointing vector S [81].

Where Z =

The Poynting vector S is defined as the cross product of the electric field E andthe applied
magnetic field H as follows [80, 81],

S=ExH (8)

thus, carrying out the cross-product for the Poynting vector gives the following,

()

Xm =
o=

- - — 1
S=ExH= = 5 (Ex)?

RU':I
o O N

o
N| -

Since electromagnetic waves oscillate sinusoidally in time, the Poynting vector S also exhibits time-
dependent oscillations [80, 81]. Measuring its instantaneous value is impractical; therefore, the
time-averaged Poynting vector is computed over a full oscillation cycle as [80, 81]:

N (10)
<5)_TJ; S(t)dt

Taking time average of the Poynting vector by substituting equation (9) into (10), the following is
obtained [81]:
C(E)? 1 (11)

> 1 1, - —
<|S|> = E((Ex)z)rms = E<|Ex ’ Ex|)

Where ((E,)?),ms represents the root-mean-square of the electric field. The time-averaged
Poynting vector, demonstrates that the irradiance [ is proportional to the square of the amplitude
[81]. Thus,

_ (EY? (12)

I
2Z

It is important to note that irradiance quantifies the radiant flux density (m) incident on or exiting

from a surface [7, 80, 81]. It can be expressed as the following:

I = (|§|)cos(ﬁ) (13)

Where [ represents the angle between the beam incident on the surface and the vector normal to
the surface.
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Irradiance plays a crucialrole in optical polarizers, as the transmission of already polarized
light depends on the angle between the light’s electric field and the polarizer’s transmission axis [7,
80, 81]. This is represented in the following figure,

‘g
Un-polarized light =
Eo HE
1% Linear Line?rly ‘ o Linear |
polarizer Polarized light polarizer

Figure 5. Malus's law for linearly polarized light.

Referring to Figure 5, unpolarized light becomes linearly polarized after passing through the first
polarizer. If the amplitude of the electric field of the polarized light is represented as E, , then after
passing through the second polarizer, its amplitude is given by the projection of E, onto the
polarizer's transmission axis, ( E, cos(8) ) [7]. Substituting this projected amplitude into Equation
(11) yields the result known as Malus's law [7, 80, 81]:

1=(|s])= % ceqn( E, cos(6))? (14)

Itis important to notice that under 8 = % , where m are all odd integer values, there should be no
light. This will be important part of the experimental set-up dealing with crossed polarizers.
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2.3 Two beam and multi-beam interference

The following section provides insight into how irradiance is affected when multiple light beams
interfere. Figure 6 shows 2 beams incident on a surface,

Figure 6. Two beam interference

In Figure 6, two plane waves intersect at a point P, with one wave having a phase difference of ¢.
The equation for the two-plane waves E; and E is shown below:

E, = Elei(k~x—wt) (15)
E, = Elei(k-x—wt+¢) (16)

As such the total electric field E;,+4; can be expressed as the following,

Etotal — Elei(k.x—wt) + Ezei(k-x—a)t+¢) — ei(k~x—a)t)(E1 + Ezei¢) (17)
— |ET|ei(k-x—wt)

Here the resultant amplitude of the total electric field is defined as |E7| ,
|Er| = (E1 + Eze'®) (18)
To determine the amplitude, the modulus is expanded using the complex conjugate, leading to the
following expression:
Er? = (E; + E,e'®)(Ey + Eye™®) = (E))? + (E2)? + E1E, (e + e7¢)  (19)
Applying the complex identity [1]:

el® 4 o7l (20)
———  —cos (@)
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This yields the following:

Er? = (E))? 4+ (Ep)? + 2E,E,cos (¢) (21)

Furthermore, the proportionality relationship from equation (12) can be expressed as the following:

271 = (E,)? (22)

Now, substituting (22) into (21) simplifies the equation to:
Ep? = 2ZI, + 271, + 2Z.[I,I,cos (¢) (23)
Thus, yielding the final expression for total irradiance [82]:

E? (24)

Iy = é = I + I, + \/I;I, cos(¢)

From this expression it can be noticed that depending on the phase ¢, the irradiance will oscillate

according to the cosine term between maximum and minimum values. If the two beams are of the

same irradiance wherel; = I, and ¢ = % (where m are all odd integer values) this would result in

complete destructive interference. Thus, scanning through all possible values of ¢ results in an
interference pattern with dark and bright fringes. Furthermore, two beam interference can be
extended to multiple beams. Although difficult to visualize, simulated images of interference
patterns under special conditions are presented in Figure 7.
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point source, (c) 6-point source and (d) 8-point source.

To better understand and visualize the principles behind multi-beam interference patterns
observed in PIL, the interference simulations presented in Figure 7 were carried out using Python.
These simulations assumed multiple point sources evenly spaced along a circular perimeter. The
result was a series of intricate two-dimensional interference patterns created by the constructive
and destructive interference of circular wavefronts emitted by each source (code provided in
Appendix). Interestingly, as the number of sources increased, the resulting interference patterns

began to exhibit recognizable patterns—such as triangular patterns with three sources showing in

Figure 7(a), square-like forms with four sources showing in Figure 7 (b), and more complex

symmetries for higher numbers of sources. Specifically, a long-range order can be observed with 8-

point sources shown in Figure 7(d). Studies have shown similar symmetries observed in PC
structures and PQC structures fabricated using PIL on thin films as well as comparison of their

work with similar simulations [30] [83].
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2.4 Plasmonic Gratings

As mentioned in section 2.1 surface plasmons have higher momentum than incident light and
require special coupling methods to excite them [1]. The grating coupling which provides a compact
approach to couple light with SPWs [41]. The following will go over the mathematical modelling of
this method.
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Figure 8. Plasmonic Gratings

As it can be seen from Figure 8, when a plane wave hits the grating structure at an incident angle 6;
with respect to the normal of the surface, its wavevector k can be decomposed into its component
parallel to the grating surface for both the incident light k., ; and reflected light k, ,,, as the following
[1, 84]:

kx,i = kO sin Bi (25)

kym = kosinbp, (26)

Where k, is the momentum for incident light in free space and 6,, is the angle for the order of
reflected light after it hits the grating. The spatial frequency component of the grating’s periodic
structure can be modeled as the following [1]:

m2m (27)
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Where m is the reflection order, and A is the pitch of the grating. Since the momentum is

conserved, in order for a shift in angle to take place, it must be transfer parallel to the plane yielding

[85]:

kyi = kym £ mK (28)

Where the * covers the range for the order of reflection, where m can take positive or negative
integer values. This means that additional in-plane momentum results from the grating’s periodic

structure. To excite the surface plasmon wave on the interface, the in-plane momentum k, ; should
match the surface plasmon wave momentum kgpyy, thus the following equivalency can be made [1,

84-86]:
kyi = kspw (29)
T 30
kSPW = koSineiimT ( )
Substituting equation (2) into (30) gives the following [85],
(31)
€ 1€ T
(Er,z + er,1) A
Expressing the equation in its spatial domain, where k, = f—n yields:
SPR
21 21 21
—A= —-sinf; +t m— (32)
Aspr Aspr A

Where A is defined as the following:

A= (er,ler,z) (33)
(Er,z + er,1)

This defined value for A is done for mathematical convenience to help keep track of algebraic
manipulation when solving for Aspg.

Solving for Agpp :

1 1 1 (34)
—A— ——sin6 +m—
Aspr Aspr ' A
A ( 1 1 (35)
— —A— sin 6-) = 41
m\ Aspr Aspr ' SPR
(36)

A
E(A$ SinQi) = ASPR
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Substituting equation (33) into (36) and restricting the reflection orders tom = 1, yields the
following [1]:

(37)

(Er,1 Er,z) —

ASPR = A + sin Qi
(Er,z + e1",1)

For cases where incident light is at normal to the planer surface (6; = 0), (37) reduces to the
following [1]:

(38)

(Er,1€r,2)
(Er,z + e1",1)
Recalling , the dielectric permittivity can be expressed as [1]:

Nyr1 = +/€r1 (39)

Substituting (39) into (38) yields the following [1] :

Aspr = A

(Er,z) (40)

A W ey
T, y

It is important to note that Equations (38) and (40) will be used in Chapter 4 to compare the
expected values with the experimentally obtained results. For the purposes of this thesis, the
calculation of the SPR wavelength, Aspr, is based on known permittivity values for the metal and
surrounding dielectric. Specifically, established permittivity values for gold [87] and air [88] are
used to determine the proportionality constant between the grating pitch and the SPR wavelength.
Substituting the referenced permittivity values in equation (33), this proportionality constantis
calculated to be 1.064620562. However, it is important to mention that this value would change if a
different metal was used instead of gold and would lead to different predictive values for the SPR
wavelength. Furthermore, it should be considered from equations (38) and (40) that while this
theoretical model accurately predicts the SPR wavelength, it does not provide any information
regarding the intensity of the SPR response.
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2.3 Ray tracing for pyramidal interference lithography (PIL)

As mentioned in Pyramidal Interference Lithography (PIL) offers an alternative approach to
conventional nanofabrication techniques, distinguished by simultaneous patterning of an entire
surface [89]. This section will focus on the mathematical modeling of the PIL techniques using ray
tracing. Specifically, the examination of the way PIL functions with a collimated laser beam and
how different pyramid configurations can achieve specific pitch sizes—eliminating the need to
fabricate new pyramids for each desired pitch. Furthermore, a model for lens-pyramid system is
developed to provide further flexibility in achieving various pitch sizes without requiring new
pyramid structures. Although the analysis here considers a simple case, involving a Fresnel biprism
consisting of only two faces, the model can be extended to multifaced pyramids.

2.3.1 PIL using Fresnel's biprism

Fresnel's biprism consists of two thin prisms joined at their bases, creating an isosceles triangular
structure [90]. A ray of light enters the biprism at an arbitrary incident angle 8 , passing through a
medium of the prism with an index of refraction n, and a slope angle a from the base, as illustrated
in Figure 9,

reference line

/

¥

point source

ny

Fresnel’s biprism

Figure 9. Ray tracing for a Fresnel’s biprism
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Where n, represents the index of refraction for the medium outside the prism, then the ray passing
from the outside medium to the medium inside the prism is modeled using Snell’s law [7]

n, sin(0) = n, sin(6") (41)
From which the refracted angle 8’ is expressed as the following,
0’ = sin~?! (ﬂsin(e)) (42)
n;
As the ray exits the prism and re-enters the surrounding environment, the normal to the interface
shifts by an angle a. This change allows for the evaluation of 8" based on the new geometry:

n, sin(x —0") = ny sin(x + 6") (43)

The + symbolindicates whether 0’ is positioned above or below the reference line. The (-) sign
applies when 0’ is above, while the (+) sign is used when it is below. This distinction depends on the
refractive index of the surrounding medium n,. Solving for 8" yields the following,

n
0" =sin?! (—Zsin(a - 9’)) +a (44)
nq
Substituting (42) into equation (44) expresses the equation in terms of 8 as:
n n
0" = sin~t (—Zsin (a — sin™?! (—1$in(9)>>) +a (45)
nq n,;

For experiments where the surrounding medium is air, it is assumed thatn; < n, then 0’ < 0. This
is a reasonable assumption since the index of refraction for air under standard temperature and

pressure (STP) is very close to 1 (g, = VL = 1.000273) [91]. Approximating thatng;, = ny ~ 1,

the equation simplifies to the following:

0" =sin1 (nz sin (a — sin™?! (ni sin(@)))) + a (46)
2

Further if the light ray from the source entered the base of the prism is at normal to the interface
would mean 6 = 09, as such the equation would simplify further as shown below,
0" =sin"1(n,sin(a)) + a (47)

This is a reasonable assumption undertaken for this research, since the experiment entails a
collimated laser beam which inherently low divergence and high directionality [92]. This will
simplify the + sign to being only negative since transitioning from higher to lower refractive index
medium will yield refraction away from the normal and thus below the reference line shown in
figure 9. Following these assumptions would simplify (47) to [69]:

0" =sin"(n,sin(a)) —a (48)

In circumstances where a is small (@ < 10°) and that |na| < 1, assuming the index of refraction
for the biprism is of reasonable value, then the equation can reduce to [69]:

0" =(n,—Da (49)

Where the inverse trigonometric term (sin~(n, sin(a)) is approximated using Taylor series
expansion, neglecting the cubic term in the expansion polynomial [93]. Notice that this equation
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provides a linear relationship, a theoretical comparison of the refracted angle is presented in figure
10:

Bvs. a

— n = 1.44 (CAF2)
0.8 4 —— n =1.53 (BK7)
n = 1.93 (N-LASF)

0.6

0.4

8 (rad)

0.2 1 f=(n-1)a

8 = sinT!(nsin(a)) — a

0.0

T
0.0 0.2 0.4 0.6 0.8 10 1.2 1.4
a (rad)

Figure 10. Simulated dependency of refracted angle 6 over base angle a for 3 different glass
materials. The blue dashed line shows the linear dependency for an index of refraction value of
1.44.

From figure 10 the linear model works well for small base angles a, however for larger values of a
the model starts diverging exponentially, for which equation (49) is no longer a reasonable
approximation [69]. In such a case, the use of equation (48) is needed for more accurate
predictions for the refractive angle 6 [69]. Furthermore, additional information can be gained about
the diffraction pattern by accessing for the wavefront passing through the prism. When a single
wavefront encounters the Fresnel's biprism, its top half refracts down while the bottom half refracts
to the top. This causes the two refracted wavefronts to overlap, creating a region where their
superposition leads to an interference pattern, as if they originated from two virtual sources [90].
This is shown in the Figure 11,

Virtual source

Samplei -~ Interference pattern
— plane ’

)e

Collimated beam

> *"/'/.

Virtual source ——

Figure 11. Region of Interference generated from a Fresnel’s biprism for a collimated beam passing
through a pyramid.
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The wavevectors of the two beams have components along the sample plane, the in-plane
component of each wavevector is illustrated below,

ky = |k_1)| sin(B')‘ ﬁl

ke, = [k sin(6")

Sample
plane

Figure 12. Wavevectors on a point in the sample plane.

In Figure 11 and Figure 12 it should be noted that the sample plane is parallel to the base of the
prism and situated in the interference region. The periodicity of the interference fringes is
determined by the spatial frequency projected along the sample, which is given by adding the
magnitudes of the wavevector components of the two beams. Recognizing that [84]:

2m
kxl = kXZ = k = TSin(el) (50)
The components can be added up as presented below [84]:
(51)

2 2 4
ki +kyy = ;sin(H”) + %sin(a’) = THSin(B”)

The interference pattern on the sample plane is a result of the path difference, or phase shift,
between the two projected waves. The resulting spatial period of the interference pattern is the
pitch (A) which can be expressed as the following:

i 2n
—sin(6") = (52

Leading to the pitch equation as shown [69]:

A
Ne— 2t (53)
2sin(0'")
Substituting equation (48) into equation (53), gives the spatial period of the interference fringes A as
[69]:

_ A (54)
~ 2sin(sin~1(n, sin(a)) — a)
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2.3.2 Ray tracing for PIL using dual-pyramid configuration

Equation (54) shows that achieving interference fringes of a specific pitch requires a dedicated
pyramid. Fabricating a new pyramid for each pitch variation increases both time and cost. Greater
flexibility can be introduced by combining two pyramids, producing pitch sizes that one of the two
pyramids alone cannot produce. The following analysis examines ray tracing for this dual-pyramid
configuration. Consider two Fresnel biprisms, each with a different slope angle a, aligned along the
same optical axis, as illustrated in Figure 13.

| Focal point of
1% prism

Figure 13. Dual-pyramid configuration

Analysis of the single biprism can be extended to a double prism system, where the incoming light
ray into the second prismis incident at '’ as shown in the Figure 13. Applying the same ray tracing
procedure as presented in Figure 9, in correspondence with equations (42) and (44), the following
equation for the refracted angle 8''and 0"’ can be developed as:

n
0" =sin?! (—1$in(9")> (59)
ny

n _
""" =+sin~t (n—3$in(a1 + 9”’)) Fa, (56)
1

Here the + defines whether the second pyramid is located before or after the focal point of the first
on the optical axis. If the biprism is placed before then the operations are sequenced as + followed
by + then followed by -, and the reverse order (-, -, +) if the biprism is placed after the focal point
starting with a negative sign (). As an example, if the biprism is placed before the focal point, the
equation (56) will yield:

n
""" =sin1 (n_3 sin(a, + 6”’)) —a, (57)
1
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These formulas can be expressed in terms of a; and a, only, by substituting equation (48) into the
0" termin (55)

n
0" =sin~! (n—lsin(sin‘l(nz sin(ay)) — al)) (58)
2
Similarly, by substituting (58) into (57) yields:

n n
""" =+sin~?t <n—35in <a2 +sin™? (n—lsin(sin‘l(n2 sin(a;)) — al))>) Fa, (59)
1 2

Substituting (59) into the corresponding pitch equation (53) yields the pitch equation for the dual-
pyramid system as:

A (60)
A= 2sin(6"""")
A

- 2sin (|i sin™1 (Z—jsin (az + sin~1 (Z—; sin(sin~1(n, sin(a,)) — al)))) +a, |)

The absolute value ensures the refracted angle remains positive. A theoretical comparison of the
refracted angle for the specific case of dual-pyramid system to a single pyramid system is
presented in Figure 14 below,

Bvs.a
—— n =1.49 (acrylic), a1 = 10° & a3 is changing
0.8 . . _ _ -
—— n = 1.49 (acrylic), a1 is changing - single biprism
——- normal to pyramidal face
0.6
=
C
= 0.4 4
=]

0.2 4 8 =sin"nysinla)) —a

I e e R e e S R

Figure 14. Comparison of change in refraction angle 8 over prism angle a for a single biprism system
(in blue) vs a dual prism setup where the second prism is placed before the focal point (+, +, -)
shown in black.

The results for the black curve are computed considering the set-up was done with the second
pyramid positioned before the focal point. The value used for index of refraction for acrylic in the
computation was 1.49 [94], and it was assumed that n; = n,. It can be seen from Figure 14 that the
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dual pyramidal system yields a greater refracted angle. Knowing the inverse relationship between

refracted angle and pitch value presented in equation (60), in theory it could result in lower spatial
periods for the interference region. The results for the computed pitch values are shown in Figure
15 and Figure 16 below,

Av.s. a
70000 A
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Figure 15. Comparison of pitch value /N over prism angle a for a single biprism system (in blue) vs a
(+, +, -) dual prism setup (in black).
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Figure 16. Zoomed in comparison of the change in pitch value N over prism angle a from Figure 15.
Showing different in pitch values for the visible region.

It can be seen from Figure 15 that the reduction in pitch value is extremely prominent for spatial
periods in the far infrared. However, in Figure 16 this reduction is far less but still present for regions
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in the even in the near infrared (NIR), visible and ultraviolet (UV). It should be notes that the these
are simulated results and do not account for certain physical parameters such as UV absorption.

2.3.3 Ray tracing for PIL using lens-pyramid configuration

In the previous section, mathematically demonstration showed that a dual-pyramid system could
enables the generation of smaller pitch (A) values without requiring the fabrication of a new prism.
However, this approach is only feasible if an appropriate combination of two prisms is available.
Covering a broad range of pitch values would necessitate multiple prism combinations, requiring
many pyramids. Despite this, the resulting grating patterns would remain confined to a narrow
wavelength range within the electromagnetic spectrum.

To address this limitation, an alternative approach is explored that allows for tunable pitch values
without the need for additional pyramid fabrication. This method involves a lens-pyramid
configuration, which is analyzed in this section.

To this mathematical model, a biconvex lens is examined without small angle approximation. This
optical component has two outwardly curved spherical surfaces that share the same radius of
curvature, R. This geometry enables the lens to converge parallel incoming light rays to a single
focal point beyond the lens [95].

Optical Axes 8 e \

Figure 17. Ray Tracing for Convex Interfaces Without Paraxial Approximation.
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Based on the geometry presented in Figure 17, an incoming ray entering the lens with an incident
angle 0 with respects to the tangent plane on the curved surface, and can be evaluated as the
following,

L) (70)

— 2

The refraction angle 8’ as the ray enters the lens can be determined as shown,
0’ = 6 —sin~(n, sin()) (71)
Substituting equation (70) into (71) gives an expression of 8’ in terms of r as shown:
T T T T
[ R (S W | Y | (72)
' = > sin (R2 — r2) sin (nz sin (2 sin (R2 — rz)))

Where r is the radial distance from the optical axis to the entrance point of the ray. Furthermore, 3
can be calculated as the following,

T r! 73

B=E—sin‘1<—> (73)

R2 _rlz

The geometry of the exit point shows, 8" can be obtained with as the following,
" (N2, ’
0" =sin~t{—sin(0'+pB))— B
ng
Substituting (70) and (72) into (74) leads to the following equation,

0" = sin~1 (;l_jsin 7 — sin-1 (ﬁ) ~sin” (n, sin (g —sin™ (ﬁ))) "

- r' T r'
—sin 77 — 5 sin T2

From (75) the diffraction angle 8"’ changes with respect to the radial distance from optical axis r
and r’, where the ray enters at r and exits at r’. This means that based on where the sample plane
is positioned, it will have the projection angles change moving away from or along the optical axis.

In a case where the incoming ray is either not collimated or parallel to the optical axis then the
expression for 8 in (70) no longer applies. In the specific case, where the incoming ray is above the
reference line shown in Figure 17, then 8’ will be determined in accordance with the following
equation:

n
0’ = sin™1 (n—lsin(A)) -0,+4A (76)
2
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Where A is an offset angle from the reference line. Furthermore, in the case where the lens is
positioned after the pyramid and in line on the optical axis — considering the lens is located before
the focal point of the pyramid —then A will equate to (48) yielding:

A = sin~(n, sin(a)) — a (77)
Substituting (77) into (76) would give:

0’ = sin~?! (% sin(sin~(n, sin(a)) — a)) — 0, +sin"1(n, sin(a)) — a (78)
2

This would in term changes equation (75) on substitution of (78) into (74). For cases where lens is
positioned before the pyramid, the following figure shows the momentum vector analysis on a
sample plane position inside the interference region created by the lens-pyramid configuration as
shown in Figure 18,

Lens

A
il

Optical axis ----------------- N N S ¥

Pyramid

Sampl

plane

Figure 18. Momentum vector analysis on the sample plane. Where the arrows depict the
momentum vectors.

From the above Figure 18, analyzing the projected vectors at an arbitrary point corresponding to
momentum associated with 84 and 85 the following expression can be formulated:

k(sin8, +sinfg) =K (79)
This leads to the following spacing equation with different angles,
T 21
- (sin@, + sinfg) = i (80)
A(sin 8, + sinfg) = 1 (81)

Close to the tip of the pyramid along the optical axis, the pitch values can be approximated as a
single pyramid system as expressed in (54). This is because the rays close to the optical axis are
well collimated, hitting the entrance of the pyramid at near normal incidence to the pyramid base
and thus the pitch can be expressed as the following [69]:

5 A (82)
~ 2sin(sin~1(n, sin(a)) — )

Ao

39



Where A, is the pitch on a sample plane close to the pyramid’s tip. This allows to solve for the
wavelength of the laser beam A which is considered a constant value, substituting (81) into (82)
yields:

B A B 2sin (6,) (83)
" (sinB, +sinfg)  (sinf, +sinfg) " °

Here, the 6, and A, is the refracted angle and the pitch of a pyramid system without any lens, while

A is the pitch generated by lens-pyramid system. In essence, equation (83) demonstrates the
2sin (6,)

scaling of Ag by afactor ofm

due to the lens-pyramid system.

An illustration of the ray tracing in the interference region of a lens-pyramid system is shown in
Figure 19.

PIL system with Lens

25

Projected light from Pyramid Faces

| \\

200 300 400 500 600 Joo 800 900 1000
Forward light trajectory

Figure 19. Raytracing simulation for an interference region generated by a lens-pyramid system
where the lens is positioned before the pyramid. The virtual point sources are located equidistant
from each other at 0 and 10 on the y-axis. The red line depicts the optical axis. The black lines
represent the trajectories of rays emanating from the virtual point sources.

It is important to note that in either case of the lens being positioned before or after the pyramid,
both 8, and 85 change with respect to ' and r in accordance with equation (75). However,
considering pitch value residing on the optical axis then the following condition applies:

9A = 93 (84)
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As such equation (81) simplifies to the following:

P (85)
2sin (0(x))
Here 6 (x) describes the angle as a function of x , where x is the distance between the tip of the
pyramid and the sample plane. According to the ray tracing analysis presented, it is hypothesised
that 8 (x) should be inversely proportional to x in accordance with the following:

0(x) x in (86)
x

Where n could be any real number. Substituting equation (86) into (85) gives the following
hypothesised pitch equation:

A= (87)
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Chapter 3: Experimental Procedure

The fabrication process for metasurfaces involves a multi-step procedure that encompasses thin
film coating, laser pattern inscription, and metal deposition. As outlined in section 1.7, this chapter
details the experimental procedures used to develop and analyze metasurfaces. The materials and
methods used in the fabrication of plasmonic metasurfaces will be presented. In particular, this
chapter covers the preparation of the azobenzene solution, cleaning of the glass substrate, and the
formation of thin films via spin coating. The chapter also describes the laser inscription process
using the PIL technique to form metasurfaces, the fabrication of pyramids, the methods employed
to measure the depth and pitch of the metasurfaces, the deposition of gold onto the surface, and
the spectral analysis techniques used to study their optical properties.

3.3 Manufacturing of Pyramids

The pyramids utilized for performing PIL were fabricated at the Royal Military College of Canada by
Mr. Snell (Department of Physics and Space Science, RMC, Ontario, Canada)[30]. Depending on the
number of faces the pyramid has, during the laser inscription process, the resulting interference
patterns produced have up to 8-fold rotational symmetry, as shown by previous work done in the
lab [30]. Pyramids with 2, 3, 4, 6, and 8 faces were constructed in the lab from clear acrylic rods (n =
1,495). They were shaped using a milling machine equipped with a dividing head and then polished
in the same setup using a rotary lap. Furthermore, to achieve smooth surfaces, a 3-um diamond
paste was applied for polishing [30]. The angles between the faces and the base of each pyramid
were 10 degrees (@« = 10° ) and 30 degrees (@ = 30°). An example of a 3-face acrylic pyramid with

a = 30° is shown in Figure 20.

Vertex

Face of
pyramid

Base of
pyramid

Figure 20. A 3-face pyramid made in-house for the PIL technique.
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3.1 Azobenzene Thin Film

The accuracy of nanofabrication in interference-based lithography largely relies on the quality of the
thin films, which act as the essential layer where patterns are formed. The initial step involved in
forming uniform thin films on clean glass substrates is preparing the azobenzene solution. The
azobenzene molecular glass was synthesised through the established literature procedures [96].

Forming thin films on glass substrates required careful cleaning to ensure consistent film quality.
The substrates used were 38 x 38 mm glass microscope slides (Corning 0215, Ted Pella, Redding,
CA, USA). To ensure uniform thin-film deposition, the glass slides must be free of dust, oils, and
other contaminants. These slides were first washed with dish soap and water to remove surface
oils and debris. After rinsing, they were dried using clean, compressed air to eliminate any
remaining moisture or dust particles. The glass slide was submerged in acetone (C;HO) to dissolve
water and remove it from the substrate. The resulting substrate was then dried using a stream of
sterile, moisture-free air to remove any remaining microscopic debris.

Thin films of azobenzene molecular glass (gDR1) were prepared by spin coating 3 wt% solution
of gDR1 in dichloromethane on the glass substrate, which is based on established literature
procedures [97, 98]. To achieve a uniform film covering the entire substrate, parameters for the
specific RPM and amount of solution to be used were carefully selected.

To have a thin film on the glass slide, a 70 pL aliquot of the prepared azobenzene solution was used
for each sample by gently depositing it on top of the glass substrate placed on the spin-coater
(Headway Research Inc., Texas, USA) head, which was set at 1300 RPM, resulting in a thin film
approximately 400 nm thick. The coated slides were then dried in an oven at 70 °C for 15 min to
ensure complete solvent evaporation.
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3.2 Laser Inscription

The movement of azobenzene molecules across a thin film induced by light is used to pattern
metasurfaces [99]. For this inscription process, a 488 nm Argon gas laser (Lexel model 95L-UV,
Cambridge Lasers Laboratories, Fremont California) is used in conjunction with the PIL technique.

The laser first passed through a quarter-wave plate, converting the light from linear to circularly
polarized. This is done to ensure all azobenzene molecules, of any given orientation, within the thin
film will interact equally with the laser beam over time [100]. After passing through the waveplate,
the laser beam goes through a spatial filter to remove noise and imperfections in the beam intensity
profile. The laser is then collimated using a lens, as per established literature procedures [30, 49,
50]. Here, the collimating lens expanded the beam to approximately 11 cm in diameter. The beam
diameter is then controlled using a variable iris positioned right in front of the lens.

Next, the beam goes through an acrylic pyramid with a base angle of @ = 30. The pyramids used in
the experiment had varying base diameters and areas. However, the beam diameter was
consistently kept smaller than the pyramid’s base to maintain a uniform interference pattern. Itis
also important to note that the vertex of the pyramid was aligned with the center and pointed in the
direction of the collimated beam. As mentioned in section 1.5, the pyramid splits the beams at
specific angles, allowing them to overlap, forming an interference region [69]. This interference
region is used to pattern the photo-responsive thin film on the sample.

The sample with azobenzene thin film is placed inside the laser interference region and oriented
such that the plane of the sample is parallel to the base of the pyramid. The exposure time of the
laser beam on the sample varied between 60 seconds to 190 seconds depending on the
metasurfaces being fabricated. The irradiance of the incident collimated laser beam on the
pyramid was maintained at two different values: 167 mW/cm? or 85 mW/cm?>. These irradiance
values, along with the exposure times, were determined through trial and error, as a specific
combination of the two yielded the optimal depth for SPR. The schematic for the setup discussed is
provided in Figure 21.
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Figure 21. Schematic of laser exposure and interference pattern formation on gDR1 using a single
pyramid system

The setup shown in Figure 21 enables the patterning of metasurfaces with periodicity in the visible
range, as specified by equation (54), provided in section 2.3.1. For patterning greater periodicity in
the IR region, the dual-pyramid system was used. In this set-up, another acrylic pyramid with ¢ =
10° is added in the path of the beam. With this setup, the position of both pyramids matter, as it
could resultin increasing or decreasing the periodicity in the final pattern. To achieve pitch sizes in
the infrared (IR) region, the setup employs a dual-pyramid configuration—modeled using Equation
(59), as described in Section 2.3.7, and following the sign convention (-, —, +)—in which the second
pyramid is positioned beyond the focal point of the first. The schematic of the modified dual-
pyramid setup is provided in Figure 22.

488 nm Laser
laser Spatial Variable Iris o= 10° a = 30° Interference
beam filter o _ Region
IS | e Acrylic -~ - Acrylic
7::\ 77777777777777 Pyramid y L3 Pyramid
Argon Gas Quarter /
Laser waveplate
Collimating
lens

Figure 22. Laser Exposure and Interference Pattern Formation on gDR1 using a dual-pyramid system

It can be seen from Figure 22 that the second pyramid with base angle a = 30° is positioned after
the focal point of the pyramid with the base angle of a = 10° indicated by the intersecting blue
lines between the two pyramids. Figure 23 shows an actual image of this setup in the laboratory.
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Pyramid a = 10°

Pyramid a = 30°

Sample
placement

Figure 23. Shows the experimental setup for a dual-pyramid system for a 4-face PIL to produce
metasurfaces with 4-fold symmetry and periodicity in IR

Regarding Figure 23, the location of the sample placement is marked by a white screen, which is
used to display the interference region, as indicated by the projected blue dot.
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3.3 Depth and periodicity measurements

Following the laser inscription process, the fabricated metasurfaces were analyzed for their depth
and periodicity (pitch) values. They are critical design parameters that will directly affect the
optical response of a metasurface. Measuring them ensures the fabricated structure matches the
intended design, especially when using the PIL technique, where beam angles and interference
patterns define the structure, as established by prior research [30].

3.3.1 Depth measurements

Depth measurements were taken using an atomic force microscope (Dimension Edge AFM, Bruker,
San Jose, CA, USA). The microscope used a peak force tapping mode, where the AFM needle tip
vibrates just over the sample surface and scans a given area line by line to generate a 3D image of
the surface topography, as per established literature procedures [49][101] . For each metasurface,
AFM scans were taken at three different areas around the center of fabrication. The AFM was set to
scananareaof 10 X 10 um? or 20 x 20 um? depending on the metasurfaces being studied. The
scan rate was set to 1 Hz per line. The captured AFM images were then corrected using a built-in 2D
plane fit function to level the surface. A rotated section was selected to measure the scanned
depth. Here, the number of sections taken for data collection depended on the order of symmetry
for the patterned metasurfaces. For each section, the maximum and minimum depths were
recorded, and the average of these two values was calculated. Furthermore, each section is
indicated by a section line. An example of how this was carried out for a metasurface with 3-fold
rotational symmetry is shown in Figure 24.

Rotated section
line

-30.9 nm

1
00 Height Sensor 10.04m

Figure 24. Example measurement of a metasurface with 3-fold rotational symmetry produced in the
lab.
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3.3.2 Periodicity (pitch) measurements

The periodicity of the metasurface is a key factor as it influences how the metasurface responds to
light. Therefore, accurately measuring the pitch is essential to ensure alighment with the intended
design and to validate the fabrication process. As such, after taking depth measurements, the
periodicity of the metasurfaces was determined by observing diffraction patterns in transmission,
which were projected onto a screen behind the sample. To verify the resulting pitch, a 5 mW He-Ne
laser with a wavelength of 632 nm was diffracted through the patterned metasurface. The
diffraction angles between the m + 1° diffraction orders (m) were measured using the grating
equation:

_ mA (88)

"~ 2sin6

where A is the grating pitch, 1 is the laser wavelength, and 6 is the diffraction angle. By mounting
the metasurface on a motorized rotating stage, the angles correspondingtom = 0,m = —1 and

m = +1 diffraction orders were recorded, as established by prior research [30]. The angles were
recorded by rotating the stage until the m = +1 diffraction orders aligned with the position of the O™
order. The setup to carry out this measurement is presented in Figure 25 below.

Sample
mounted on
rotating stage

m=+1
5mW He-Ne m=0
Laser (632nm)
m=-1
Rotating
stage
Screen

Figure 25. Optical setup used to verify metasurface periodicity

It should be noted that although the stage is equipped with a dial to measure the change in angle,
this process was automated using LabView, which directly inputs the corresponding angle values
into Equation (88) to calculate the grating pitch A.
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3.4 Gold (Au) Deposition

As discussed in Chapter 1, SPR excitation requires a metal-dielectric interface [1], making it
necessary to metalize the metasurfaces patterned on the azobenzene film. Following verification,
the final fabrication step involved depositing a thin metal layer. For this thesis, a thin layer of gold
was sputter-coated onto the gDR1 thin film using a plasma coater (Q150V ES Plus, Quorum,
Laughton, East Sussex, UK). A gold film thickness of 50 nm was selected for the experiments in this
thesis, in accordance with values reported in previous work [97]. Finally, the fabrication process for
preparing metasurfaces is summarized in Figure 20 below.

PIL

—_— —_—

Glass Glass Glass

(a) (b) (c)

— Au
Glass Glass Glass

(d) (€) (f)

Figure 26. Fabrication process for plasmonic metasurfaces. (a) Preparation of glass slide - substrate
cleaning (b) Preparation of Azobenzene solution, Spin-coating and oven drying (c) Inscription using
PIL (d) Characterization (e) Au deposition using sputter coater (f) Final sample.
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3.5 SPR Spectrometry and Imaging of Metasurfaces

Spectrometry is a crucial component of experimental measurements as it identifies the specific
wavelengths at which surface plasmons are excited, providing precise spectral information about
the optical response of metasurfaces. Equally important, SPR imaging offers spatial information,
revealing how the plasmonic behavior varies across different regions of the metasurface.
Performing both measurements simultaneously enables a comprehensive analysis by correlating
the spatial distribution of SPR activity with its corresponding excitation wavelength, thereby
providing more information about the resonance behavior in relation to the fabricated structure.

SPR responses can be detected from plasmonic metasurfaces as absorption dips when acquired in
reflection mode [102]. When light interacts with the plasma, a portion of it is dissipated into heat,
and a portion of it is decoupled back as light [1]. When light is reflected off a flat surface, it is phase
shifted by m [80]. This means that the spectrometer sensor, due to conservation of energy, should
register relatively the same irradiance as the incident beam assuming perfect reflection. However, if
light was to couple into the plasma undergoing the SPR phenomenon, then only a portion of that
light will be decoupled into free space [1] and, therefore, be registered by the spectrometer at lower
irradiance than the incident beam. Thus, in reflection, this will be registered as a dip compared to
light being reflected off the sample outside the fabricated metasurface.

In this thesis, all spectrometer readings will be taken under reflection. However, only with SPR
imaging under the cross-polarizer setup will a peak be observed rather than a dip. The details of
which will be discussed in section 3.5.2.
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3.5.1 Optical set-up for SPR spectrometer measurements

For this study, spectral data were collected in reflection using a spectrometer (QE Pro, Ocean
Insight, Orlando, FL, USA). A halogen white light source (Oriel Corp., Newport Corporation,
California, USA) was collimated using a biconvex lens and then passed through a variable iris,
which adjusted the beam to a diameter of less than 0.5 cm. The collimated beam then passed
through a linear polarizer. This linearly polarized light was directed onto a glass slide positioned at
an angle that allowed equal portions of the light to be transmitted and reflected. The reflected
portion was focused using a lens with a 20 cm focal length onto a fiber optic sensor connected to
the spectrometer. Meanwhile, the transmitted light traveled toward the sample and was reflected
back along the same optical path. This reflected signal passes through the glass slide again and
goes through the focusing lens before being collected by the spectrometer for analysis. The sample
itself was mounted on a rotating stage to allow for a degree of adjustability in light incidence angles.
A schematic for this optical setup is provided below,

R.otatmg Rotating Stage
Biconvex Linear
lens Iris Polarizer
E’ Glass slide
Halogen \ gDR1 sample
Light ; i with Au
source Collimated Lens |

Halogen light deposition layer

Fiber-optic sensor for
Spectrometer in
Visible and IR

Figure 27. Set-up for spectrometry in reflection. This setup is compatible with both visible and
infrared detection. The half-mirror allows the reflected light from the sample to be detected by the
spectrometer.

As shown in Figure 27, any out-of-phase light resulting from SPR coupling will be detected by the
sensor. Here, light first strikes the air-metal interface of a metasurface; a portion of the light is
reflected into the spectrometer, while the rest is transmitted through the grating. As mentioned
earlier, this intensity difference can be detected as a dip in the absorption spectrum. To capture this
change in intensity, the incident light is first normalized on the flat sample surface (i.e., the non-
patterned surface) and then directed into the patterned region. This is because, under non-
resonance conditions, most of the light is reflected back into the spectrometer. This is why the
spectrometer is normalized or referenced outside the grating before light is directed onto the
metasurfaces.
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3.5.2 Optical set-up for SPR imaging

SPR imaging was conducted using a CMOS NIR camera (G-130 TEC1 Goldeye, Allied Vision,
Stadtroda, Thuringia, Germany). To perform imaging for the metasurfaces, collimated light from a
halogen lamp was first directed through a rotating linear polarizer. The polarized beam was then
incident on a glass slide positioned to equally split the light—partially reflecting it away from the
sample and partially transmitting it toward the sample. The transmitted beam was reflected back
along the same optical path after interacting with the sample, which comprised the metasurface.
The beam then passed through a second linear polarizer, which was oriented perpendicular to the
first (cross-polarized configuration). Any light transmitted through this second polarizer indicated a
change in polarization state caused by interaction with the metasurface, thereby highlighting SPR
activity. Finally, the beam passes through a second glass slide, where a portion of the light is
reflected into the spectrometer, and the remainder is transmitted toward the IR camera for imaging.
The schematic for this optical setup is shown in Figure 28.

Camera

Glass slide
Fiber-optic
sensor for
Spectrometerin
Visible and IR
SPRresponse
from reflection
Rotating
Tunable light = lineer
. polarizer
filter for 10 90° )
420nm to setto gDR1 sarl?p_nle with
730nm Au deposition layer
| l ﬂ] Glass slide
Collimated Opti . ;
ptional: Rotating Rotating Staso
Halogen Band-pass  linear gStag
light filter for polarizer
600nm to setto 0°
650 nm

Figure 28. Shows optical set-up for SPR imaging in reflection. This setup works for both visible and
infrared imaging, allowing either the visible light filter to be kept or replaced. The cross-polarizer
setup allows only for light emitted due to SPR to be registered by the Camera.

Regarding Figure 28, the cross-polarizers are adjusted to a perpendicular polarization axis, allowing
the minimum amount of light to pass through, as per Malu’s Law, which is registered as dark pixels
on the camera. Thus, any enhancement in light is picked up as bright pixels on the camera.
Furthermore, an optional band-pass filter and a tunable light filter are also available. The band-pass
filter is used to eliminate noise and focus on a specific bandwidth of interest regarding the SPR
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response. There is also a tunable light filter, which can be used to tune to specific wavelengths in
the visible region while filtering out the rest. Additionally, regarding the spectrometer, all
measurements were recorded with an integration time of 100 milliseconds. Itis also important to
note that the gDR1 sample is positioned on a stage, and any experimental results moving forward
will be carried out with Ry expressing rotations about the horizontal axis and R, expressing
rotations about the vertical axis relative to the rotating stage. This is illustrated in Figure 29 below.

Sample with gDR1 grating
with Au deposited on top.

Polarized Light q Rotating Stage
R

Figure 29. Ry expresses rotation about the horizontal axis, while R,, expresses rotation about the
vertical axis.

Furthermore, an image of the actual sample mounted on the stage is provided in Figure 30.

Sample

Rotating
stage

Figure 30. Sample positioning on the rotating stage.
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Chapter 4: Experimental results and discussion

This chapter presents and discusses the data collected using the experimental setup and methods
described in Chapter 3. In particular, this chapter presents spectrometry results from metasurfaces
patterned with various rotational symmetries, including 3-fold, 4-fold, 6-fold, and 8-fold rotational
symmetries. The SPR responses, as well as pitch values, are analyzed and compared to expected
values for each metasurface. This chapter also presents SPR imaging results from plasmonic
metasurfaces patterned using the PIL technique, which exhibit 3-fold and 4-fold symmetry. In
addition, the chapters also presents a proof of concept for a dual pyramid system in predicting
periodicity, as well as a proof of concept for PIL with a lens-pyramid system and its ability to
produce varying pitch sizes.
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4.1 Results for PIL using dual pyramid system

The following demonstrates a proof of concept for the dual pyramid system, which was primarily
used for developing metasurfaces with periodicities in the infrared (IR) region. To demonstrate its
feasibility, the experiment was conducted using two Fresnel biprisms (pyramids composed of two
faces) made of Acrylic. The optical setup for the dual pyramid system for PIL is the same as the one
presented in Figure 22, provided in Section 3.2. More specifically, a 488nm laser with an irradiance

of 167% was used with an exposure time of 190 seconds. The system follows the configuration in
which the second pyramid is placed beyond the focal point of the first, and it is modeled using
equation (56), which incorporates the respective sign convention provided in Section 2.3.2. The
values used for the base angles are @; = 10° and a, = 30°. To focus more on the path taken by the
laser beam, a simplified version of the setup is provided in Figure 31.

. = 10° a, = 30°
Argon Gas l\
(488nm) - o> = -
Laser

gDR1 Thin Film

Figure 31. Optical setup for PIL with dual pyramid system. Showing the path taken by the laser
beam.

The resulting pitch measurement can be compared to the theoretical pitch measurement
calculated according to Equation (60) (provided in Section 2.3.2) and graphed alongside its single
pyramid system counterpart; the results are presented in Figure 32.

Avs. a
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Figure 32. Dual pyramid fabrication results. Having the first prism angle at 10° and the second prism
angle at 30°. The red dot represents the experimental pitch value of 1185nm.
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Figure 32 shows the results for a grating pitch fabricated using a dual-prism optical setup. As
mentioned, the equation (60) was used to calculate the pitch. Under the sign convention presented
for a system where the second pyramid is beyond the focal point of the first, the equation to plot the
theoretical graph shown by the black line in Figure 32 is presented below,

A
2sin (— sin~t (Z—isin (al — sin™? (Z—;sin(sin_l(n2 sin(a)) — al)))) + az)

A=

Substituting values for the base angle a; = 10° (%) and a, = 30° (%) as well as the wavelength of

the laser used as 1 = 488 nm , the following theoretical pitch value can be evaluated,

488 nm

n Vs n s Vs s
2 (- st (G (10 (555) = s (Gstn s (s (0 (555))) - 20 (55))))) + = 20 (55) )
sm( sin n, sin 180 sin n, sin | sin n, sin 180 180 a, 180

= 117452nm = 1175nm

The experimentally determined pitch for the dual-pyramid system is 1185nm and is indicated by the
red pointin Figure 32. As mentioned at the beginning of this section, the prisms being used for this
experiment are Fresnel biprisms, which are composed of 2-faces, and its percent error calculation
is as follows

|Experimental — Theoretical| 1 | 1175 — 1185]
X =

0 =
% error Theoretical 1175

X 100 = 0.85%

A deviation of 0.85% from the experimental results confirms the system’s ability to produce gratings
with a pitch size of 1174 nm—something unattainable using any single pyramid alone in this
experiment. Moreover, the difference between the experimental and theoretical values obtained
indicate an uncertainty of approximately +10 nm, which could present challenges for smaller-scale
fabrications. This method of determining periodicity with dual-pyramid systems can be extended to
pyramids with a high number of faces for developing patterns of allowed symmetries [30], which
comprise those metasurfaces produced using the 3-face, 4-face, 6-face, and 8-face PIL technique.
This method will be used extensively to develop pitch sizes in IR for the upcoming sections. While
the dual pyramid system allows some flexibility in tuning the pitch, having the capacity to produce a
range of different pitch sizes using only two optical elements requires a lens-pyramid system, which
will be evaluated in Section 4.13.
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4.2 SPR measurements for metasurface with 3-fold
symmetry in the visible region

SPR measurements from a plasmonic metasurface with 3-fold rotational symmetry are presented
here. Below is an image of the metasurface produced using a 3-face PIL technique, exhibiting pitch
sizes in the visible region.

Figure 33. Image of metasurface with 3-fold rotational symmetry. (a) 10 um X 10 um AFM image of
metasurface with 3-fold rotational symmetry with pitch sizes in the visible. (b) Simulated pattern for
a 3-face PIL technique. (c) Fast Fourier Transform (FFT) of the corresponding image showing the
emergent hexagonal pattern outlined by the dashed lines.

The metasurface seen in Figure 33 (a) was produced with a 488nm laser with an irradiance of
167% and an exposure time of 140 seconds. The metasurface has a pitch A value of 682 nm with

an average depth of the gratings between 30 nm and 40 nm. The patterns were produced using a
single pyramid system with a base angle @ = 30°. The simulated image of the 3-face PIL, shown in
Figure 33(b), exhibits a high degree of similarity to the actual metasurface, as depicted in Figure
33(a). Furthermore, performing a Fast Fourier Transform (FFT) on the metasurface image in Figure
33 (a) reveals a periodic arrangement of points that is consistent with the expected signature in
frequency space of a pattern exhibiting 3-fold rotational symmetry [83]. Additionally, to gain an
understanding of the topography of the patterned surface, a 3D AFM image is provided in Figure 34
below.
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Figure 34. 3D AFM image of triangular structures showing the topography of 10 um X 10 um area of
the metasurface presented in Figure 31.

As shown in Figure 34, the surface is not perfectly flat, exhibiting variations in height across
different regions. To obtain SPR spectrometer measurements for a metasurface with 3-fold
rotational symmetry in the visible region, the experimental data were collected using the optical
setup presented in Section 3.5.1. The data was obtained with the polarizer rotated in increments of
45° up to 90?2, which is equivalent to rotating the sample about Ry in increments of 45°. This was
to observe if there was any shift in the SPR response when the orientation of the metasurface was
changed. At Ry = 09, a distinct response was observed at Agpg = 702 nm. According to the SPR
measurements taken, the intensity also appears to decrease, and the peaks seem to split as the
polarization axis is changed. The SPR measurements taken for the metasurface with 3-fold
symmetry, as shown in Figure 33(a), are presented in Figure 35 below.

Wavelength (A) vs Intensity
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Figure 35. Shows the corresponding SPR reading taken from the spectrometer for the metasurface
shown in Figure 33 (a). All readings are done at a normal to the sample surface (R,, = 0° ). Note that

the peak here is shown to be in the middle of the gap where the peaks split, that is, approximately
4nm wide at Ry = 0°.
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The intensity change effect, as shown in Figure 35, can be attributed to the geometry of the
metasurface, which has only 3-fold rotational symmetry. Consequently, it is hypothesised that the
coupling between the incident electric field and the surface plasmon modes depends strongly on
the alignment of the electric field with the periodic structural features of the metasurface. SPRis
strongest when the polarization of the incoming light is aligned with the direction of the grating
vector; it does not occur when the polarization is oriented perpendicular to it, as established by
previous research [103]. As such, according to the rotational symmetry of the pattern, which is only
symmetric at 120°, it is theorized that the structure doesn’t respond equally to all polarization
directions. Furthermore, it is presumed that rotating the polarization reduces this alignment,
thereby weakening the SPR response. Past research has shown that the excitation of SPWs strongly
depends on the shape, symmetry, and orientation of the nanostructures relative to the polarization
of incoming light [104]. Therefore, the observation in Figure 35 can be attributed to the polarization
dependence on the symmetry of the metasurface, which also highlights the directional sensitivity
of SPW excitation when the surface interacts with linearly polarized light.

Furthermore, the expected values for the intended design of the pitch, as well as the expected
values for the SPR response, were compared to the experimentally observed values. Equation (38),
the following expected SPR wavelength Aspgr can be calculated:

(Er,1 er,z)

A =A
SPR (Er,z + er,l)

== 677 nm (1.064620562) =~ 720 nm

% _ |Experimental — Expected| % 100 = | 702 — 720]
oerror= Expected a 720

x 100 = 2.5%

In terms of the SPR response, a 2.5% error indicates a strong agreement with the expected behavior
of the metasurface structure. The expected pitch value used in the above Aspy the calculation was
determined based on the pattern's geometry. Further details on the comparison of observed pitch
values to the expected pitch values are provided below.

Experimental pitch observed:

Ao = 682nm
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The process for calculating the expected pitch for A, in accordance with equation (54) is as follows:

(@) (b)

Figure 36. (a) Shows an illustration of the structured 3-fold symmetric pattern, while (b) shows an
illustration of the projected diffraction pattern from the He-Ne laser passing through the
metasurface.

Here the pitch 4, was measured from point to point, as shown in Figure 36 (b). However, based on
equation (54), the expected pitch value AO' is determined from A as follows:

Ao 488nm
~ 2sin(sin~1(n, sin(0.52 rad)) — 0.52 rad)

~ 783 nm

~360°

0 = 60°
6

: 0 V3
Ay =Acos(z)=783nm > =678 nm

As such, 678nm pitch is the expected value. Thus, observation can be compared to expectation as
follows:

|Experimental — Expected| 100 = | 682 nm — 678 nm |

x 100 = 0.589
Expected 678 nm %

% error =

This 0.58% variation in periodicity is a plausible contributor to the observed 2.5% discrepancy in
the SPR response observed. This percentage deviation can be attributed to the topographical
variations observed in Figure 34, which reveals that the surface is not perfectly flat but instead
exhibits noticeable undulations across different regions. This highlights a key distinction between
the theoretical and experimental SPR: theoretical models typically assume an ideal, flat interface,
whereas in reality, as demonstrated by Figure 34, this is not the case.

60



4.3 SPR measurements for metasurface with 3-fold
symmetry in the IR region

Below is an image of the metasurface produced using a 3-face PIL technique with a dual pyramid
system, exhibiting pitch sizes in the infrared (IR) region.

(a) (b)

Figure 37. (a) The 10 um X 10 um AFM image of metasurface with 3-fold rotationally symmetric
patterns in IR. (b) The corresponding FFT image.

The metasurface shown in Figure 37 (a) was produced with a 488nm laser with an irradiance of
167% and an exposure time of 180 seconds. The metasurface has a pitch (A ) value of 968 nm

with an average depth of the gratings ranging from 26 nm to 35 nm. This metasurface was patterned
using the dual pyramid system to achieve the IR grating pitch. The two pyramids used have a base
angle of a; = 10° and a, = 30° respectively. Where the pyramid with base angle « = 30° was
positioned after the focal point of the first pyramid. Additionally, the FFT of Figure 37(a) yields
minimal structural information, as illustrated in Figure 37(b). This can be attributed to the inverse
relationship between spatial domain and frequency domain [93]. For the larger pitch (968 nm), the
corresponding frequency components are closely spaced, resulting in overlapping features at a
central point in the frequency domain. It is important to note that while scanning a larger area with
the AFM could have improved the clarity of the FFT image, it would not have been consistent with
the experimental conditions documented in Figure 37(a). Furthermore, inspecting the topography
of the metasurface revealed noticeable changes in depth and shape from the intended pattern
design.
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The AFM was used to evaluate the depth of the patterned structure, as shown in Figure 38,

Figure 38. 3D AFM image of metasurface with 3-fold symmetry in IR showing the topography of
10 um X 10 um area of the metasurface.

To obtain SPR spectrometer measurements for a metasurface with 3-fold rotational symmetry in
the IR region, the experimental data were collected using the optical setup presented in Section
3.5.1. The data was collected with the polarizer fixed at Ry = 0° because even though rotating it
reduced the SPR dip, it was difficult to understand the change in intensity due to background noise
fluctuation. Furthermore, two SPR measurements were taken with the spectrometer set to capture
responses in the 900 nm to 1000 nm and 900 nm to 1500 nm ranges. The corresponding SPR
measurements taken for the metasurface are shown in Figures 39 and 40.
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Figure 39. Shows the corresponding SPR reading for the sample shown in Figure 37, taken from the
spectrometer set to read in the 900 nm to 1000 nm range. All readings are taken at a normal to the
sample surface (R, = 0°). Note that the dip appears to be at 980 nm. This was taken with a
spectrometer set to read for the visible range.
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Figure 40. Shows the corresponding SPR reading for Figure 37 and was taken with a spectrometer
setto read in NIR (900 nm to 1500 nm range). All readings are done at a normal to the sample
surface (R, = 0°). Note that the dip here is shown to be at 980 nm.

Just as was done in section 4.2, the expected Agpg can be calculated in accordance with equation
(88) and then compared with the experimental observed value as follows:

€r1€
Aspr = A M = 1017nm(1.064620562) ~ 1083 nm
(Er,z + Er,1)
|Experimental — Expected| | 968 — 1083
% error = Expected X1 = W X 100 = 10 %

However, unlike section 4.1, the expected pitch A}, calculation is based on equation (60) following a
(-, -, +) sign convention:

A 488

A= - = 1175
2sin(8(ay, ;) 2sin(8(30°,10°)) nm

_360°
6

0 = 60°

0 V3
Ay, = Acos (E) =1175nm - = 1017 nm

Experimental pitch observed:
Ao =968 nm

|Experimental — Expected| L | 968 — 1017
X =
Expected 1017

% error = X 100 % = 4.8%
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As can be seen from the above calculation, the measured pitch deviated by 4.8% from the intended
design. However, the observed SPR peak exhibited a 10% error relative to the expected SPR
wavelength. Here, the high error in the SPR response can be attributed to the non-uniformity of the
metasurface and/or the alignment of polarization axes. The first hypothesis is that the theoretical
model assumes perfect periodicity and uniform feature dimensions, whereas in practice,
fabrication imperfections are evident, as shown in Figure 38. These could include variations in
feature size, shape, or periodicity, which can alter SPR responses according to Equation (38). Past
research has reported that fabrication imperfections in the metasurface result in spatial non-
uniformity in the resonance spectrum of the plasmonic response across the metasurface [104]. The
second hypothesis is the polarization dependence of the structure (as discussed in section 4.1),
implying a slight misalighment between the polarization axis and the grating vectors on the
metasurface. Perhaps future research can further investigate the reasons for the significant
deviation in the SPR wavelength.

Furthermore, the SPR response observed in the IR region appears weaker and less pronounced
compared to the visible counterpart in Section 4.2. This might be attributed to a combination of
increased material losses in gold at longer wavelengths and potentially reduced coupling efficiency
of the metasurface at those wavelengths [113]. Additionally, the spectral power of the halogen light
source may decrease in the NIR, further contributing to the lower relative intensity of the measured
signal[114].
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4.4 SPR measurements for metasurface with 4-fold
symmetry in the visible region

SPR measurement from plasmonic metasurfaces with 4-fold rotational symmetry is shown here.
Below is the image of the metasurface produced with the 4-face PIL technique with a pitch size
residing in the visible region,

(a) (b)

Figure 41. (a) 10 um X 10 um AFM image of metasurface exhibiting 4-fold symmetry in the visible
(b) Simulated pattern for a 4-face PIL (c) The corresponding FFT image of the metasurface showing
square grid point pattern as outlined by the dashed square.

The metasurface shown in Figure 41 (a) was produced with a 488nm laser with an irradiance of
85 % and an exposure time of 120 seconds. The metasurface has a pitch A value of 831 nm with

an average depth of the gratings ranging between 30 nm and 45 nm. The patterns were produced
using a single pyramid system. Comparing the simulated image of the 4-face PIL shown in Figure
41(b) with the actual metasurface shown in Figure 41(a), the patterns exhibit a high degree of
similarity. The square structures don’t appear as prominent in the simulation as they do in actual
fabrication. Furthermore, the FFT of Figure 41(a) is shown in Figure 41 (c) and displays a grid
arrangement of points, which is expected of a pattern in frequency space exhibiting 4-fold
rotational symmetry [83].

As was done in previous sections of this chapter, using the optical setup presented in section 3.5.1,
measurements of SPR wavelengths were taken using the spectrometer with the polarizer rotated in
increments of 45° up to 90°, which is equivalent to rotating the sample about Ry in increments of
45°. Interestingly, at Ry = 0° two distinct responses were observed: Agpr = 843 nmand Agpg =
615 nm . Furthermore, despite changing the polarization rotation, the change in intensity appears
to remain constant. These findings are presented in Figure 42.
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Wavelength (A) vs Intensity
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Figure 42. Shows the corresponding SPR reading for Figure 39 (a) and was taken with a

spectrometer set to read in NIR. All readings are done at a normal to the sample surface (R, = 0°).

Just as was done in previous sections of this chapter, the expected Agpr can be calculated by
equation (38) as the following,

(Er,1 er,z)

A =A
SPR (Er,z + er,l)

= 783 nm(1.064620562) =~ 833 nm

|Experimental — Expected| | 843 — 833
% error = X100 = ———

x 100 = 1.29
Expected 833 %

Here, the expected pitch A, calculation is based on equation (54) as the following:

p = 488nm ~ 783
° ™ 2sin(sin~1(n, sin(0.52 rad)) — 0.52 rad) nm

Experimental pitch observed:
Ao =831nm

o |Experimental — Expected| 100 | 783 nm — 831 nm| 100 ~ 5.8 %
= X = X ~ '
o error Expected 831 nm ’

However, as shown in Figure 42, a more minor secondary SPR absorption dip is observed at 615
nm. To explain this, the hypothesis is that the secondary response at 615 nm is generated due to
the square geometry of the patterned structure. The geometrical assessment of the secondary
pitch is presented below.

66



Figure 43. Representation of a single square nanostructure, with the height and width expressed as

the pitch A
Based on Figure 43, the following expected value of A can be evaluated:
A = sin(45°) A, = 783nm(0.707) = 553 nm
Aspr can be calculated in accordance with equation (38) as the following,

% = 553 nm(1.064620562) ~ 588 nm
er,2 eI‘,l

|Experimental — Expected)| | 615 — 588]|
X100 = ——

X100 = 4.6 9
Expected 588 %

% error =

Based on this calculation, the measured secondary SPR response deviates by 4.6%, providing a
compelling explanation for the secondary response observed. However, there was a 5.8% error in
primary pitch deviation, despite an SPR wavelength having a1.2% deviation. The deviation for the
primary pitch could be due to instrumentation uncertainty, as the helium-neon laser used to
measure pitch can be offset by 10 nm. Accounting for an additional 10nm for the percent error
calculation would put the deviation below 5%. Furthermore, from Figure 42, no shift in the SPR
wavelength was observed with regards to a 45° increment shift in the polarization angle. It is
hypothesized that rotating by intermediate angles, such as 45° may not result in a noticeable
change due to the higher-order 4-fold symmetry. Past research has explored the polarization
properties of optical metasurfaces with different ordered symmetries [105], which could explain

the lack of change in the SPR response and/or provide an avenue for future research to explore the
link between higher symmetry orders and lack of change in SPR responses. Although speculative,

this may be attributed to the presence of a higher number of grating vectors, which may enable
improved alignment with the polarization axes and thereby minimize any noticeable difference in
the SPR wavelength.
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4.5 SPR measurements for metasurface with 4-fold
symmetry in the IR region

Below is the image of the metasurface produced with the 4-face PIL technique using a dual-
pyramid setup with a pitch size residing in the infrared (IR)region,

Figure 44. (a) 20 um X 20 um AFM image of metasurface with 4-fold symmetry in the IR region. (b)
The corresponding FFT image of the metasurface showing square grid point pattern as outlined by
the dashed square.

The metasurface shown in Figure 44(a) was produced with a 488nm laser with an irradiance of
85 % and an exposure time of 180 seconds. The metasurface has a pitch 4 value of 1104 nm with

an average depth of the gratings ranging between 30 nm and 45 nm. The patterns were produced
using a dual pyramid system. The two pyramids used were of a@; = 10° and a, = 30° respectively,
where the pyramid with base angle a« = 30° was positioned after the focal plane of the first. As was
the case in Section 4.3, taking the FFT of Figure 44(a) reveals patterns consistent with a 4-fold
rotational symmetry, as shown in Figure 44(b). For spectrometer measurements, as described in
previous sections of this chapter, using the optical setup presented in Section 3.5.1, an SPR dip
was observed at 1180 nm, with the results presented below.
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Figure 45. Shows the corresponding SPR reading for Figure 44 and was taken with a spectrometer
set to read in NIR. All readings are done at a normal to the sample surface (R, = 0°).

As done in previous sections of this chapter, the expected Aspgr can be calculated in accordance
with equation (38) as the following,

. (Er,1€r,2) _
Aspr = A ————— | = 1175nm(1.064620562) ~ 1250 nm
(er,z + er,1)
|Experimental — Expected| | 1180 — 1250]
% error = Expected X = "o X 100 = 5.6 %

Where the expected pitch A calculation is based on equation (60) following a (-, -, +) sign
convention:

Ao A _ 488nm 1175
= 2sin(0(ay, @) 2sin(8(309,100)) mm
Experimental pitch observed:
Ao = 1104 nm
% |Experimental — Expected| 1 | 1104 — 1175] 100 % ~ 6 %
= X =—-7_X ~
oerror Expected 1175 ° °
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As shown through the calculations, the deviation for the SPR wavelength is 5.6% from the expected
response, and the pitch value deviates by 6% from the intended design. In addition to the possible
sources of error discussed in Section 4.4—specifically, slight misalignment with the polarization
axis and uncertainty in pitch measurements—the relatively high deviations observed in this
fabrication may also be attributed to the complexity associated with the dual-pyramid system.
Since this setup relies on the precise alignment of both pyramids, even minor misalignments during
the optical configuration (as shown in Figure 22, Section 3.2) could have contributed to the
observed error.

Furthermore, it should be noted that, unlike the SPR measurements for the metasurface
presented in Figure 42 (provided in section 4.4), a second SPR response with lower order resonance
was not observed on the spectrometer. If there were a secondary response, it would be slightly
above the visible spectrum at approximately 830 nm. However, no SPR response was observed in
that region with the spectrometer set to visible. This could be due to the secondary response being
extremely weak and obscured by the background noise.
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4.6 SPR measurements for metasurface with 6-fold
symmetry in the IR region

SPR measurement from plasmonic metasurface with patterns exhibiting 6-fold rotational symmetry
is shown here. Below is the image of the metasurface produced with the 6-face PIL technique from
a dual pyramid system with a pitch size residing in the IR region,
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Figure 46.(a) 20 um X 20 um AFM image of metasurface with 6-fold rotational symmetry in the IR
region. (b) Fast Fourier Transform (FFT) of the corresponding image showing the emergent
hexagonal pattern outlined by the dashed lines (c) Simulated pattern for a 6-face PIL.

The metasurface shown in Figure 46 (a) was produced with a 488nm laser at an irradiance of
167% and an exposure time of 60 seconds. The metasurface has a pitch A value of 1171 nm,

with an average depth of the gratings ranging between 22 nm and 50 nm. The patterns were
produced using a dual pyramid system. The two pyramids used were of @; = 10° and a, = 30°
respectively, where the pyramid with base angle a = 30° was positioned after the focal point of the
first. Comparing the simulated pattern for 6-face PIL in Figure 46 (c) to the actual pattern in Figure
46 (a), it is noticeably different. However, upon further inspection, taking the FFT of the image
reveals a tilted and compressed hexagonal structure, as shown in Figure 46(b). This may be due to a
slight change in beam polarization [30]. Another possible reason is the area chosen for the AFM
image, as the pattern appears to vary from one location to another on the fabricated surface.

The SPR measurements were collected using the optical setup illustrated in Figure 27 (see Section
3.5.1), where the polarizer was rotated in 45° increments up to 180°, which is equivalent to rotating
the sample around the RH axis by the same increments. At Ry = 07, two distinct SPR responses
were observed at wavelengths of 1245 nm and 1082 nm. While the overall intensity of the reflection
appeared to change with changes in the polarization angles, the positions of the SPR dips remained
essentially unchanged, suggesting that the resonance conditions were not significantly affected by
the change in polarization angle. The SPR measurement results for the metasurface patterned with
6-fold rotational symmetry are presented in Figure 47.

71



Wavelength (A) vs Intensity
98 T

97 +

96 4 -

Ry =459
— Ry=90°
| — Ry=135°
Ry = 180°
Ry =0°
——- N =1171nm
Aspr, = 1245 nm
=== N =1017 nm
——- )I.spR] = 1090 nm

95 1

94 My = Agcos(d)

Reflection Intensity (%)

93 1

Y I iy S —
1
1
1

92

T T T t t
900 1000 1100 1200 1300 1400 1500
A (nm)

Figure 47. Shows the corresponding SPR reading for Figure 43 (a) and was taken with a
spectrometer set to read in NIR. All readings are done at a normal to the sample surface (R, = 0°).

As can be seen from figure 47, the linear polarization of the incident light was rotated in
increments of 45° up to Ry = 180° rotation. The SPR dips shown in Figure 47 are indicated by the
black and grey dashed lines. It is also evident that the reflection intensity varies with the
polarization angle, likely for the same reason discussed in Section 4.2. The periodic structure does
not couple equally to all polarization directions and surface undulations. As the polarization is
rotated, its alignment with the dominant grating vectors decreases, resulting in weaker SPR
excitation and reduced resonance intensity. Another explanation for the change in intensity is
variations in metasurface depth resulting from the fabrication process. Previous research has
shown that in interference-based lithography, the exposure profile can produce differences in
structure depth [106]. Considering that SPR coupling is affected by both symmetry and feature
depth, these factors may be the reasons behind the observed intensity changes. In the graph
shown in Figure 47, the blue line shows the observed pitch value, while the red line shows the
expected pitch value for the secondary absorption dip. This secondary dip appears consistently
across measurements, prompting further investigation into its origin, which may be linked to the
nanostructure geometry present in the metasurface. As such, it is hypothesized that the presence
of a secondary absorption dip is connected with the geometry of the hexagonal pattern, the
illustration of which is presented Figure 48.

Figure 48. Hexagonal structure geometry with representation of the primary pitch A, and the lower
order pitch A;.
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As shown in Figure 48, the pitch size A, indicates the pitch measured for the structure, while 4,
represents a lower order pitch for the hexagonal structure. The lower order pitch can be
determined using trigonometry. Where the expected pitch A, the calculation is based on Equation
(60), following a (-, -, +) sign convention. Here A Is calculated first:

o A _ 488
L7 2sin(0(ay, 1))~ 2sin(6(30°,10°))

= 1175nm

Based on the geometry shown in Figure 46, the following can be calculated for the expected pitch
AOV:

6 V3
Agr = Aq cos (E) =1175nm - = 1017 nm

If the secondary dip observed is a result of the geometry of the patterned structures, then the
expected SPR response for that pitch should be close to the one observed. As such, similar to work
done in the previous section of this chapter, the expected Aspgr can be calculated by equation (38)
as the following,

(Er,1€r,2)

= 1017nm(1.064620562) =~ 1082 nm
(Er,z + er,l)

ASPRl = /A

|Experimental — Expected| | 1090 — 1082
X100 = ——F——

x 100 = 0.7 9
Expected 1082 %

% error =

Experimental pitch observed for the primary pitch 4, :
Ay = 1171 nm

|Experimental — Expected| | 1171 — 1175]
X100 = ————

X 100 % = 0.39
Expected 1175 % %

% error =

Theoretical calculation of SPR absorption dips in accordance with equation (38):

€r1€
Aspr. = Ao emaera) ) _ 1175nm( 1.064620562) ~ 1250 nm
0 (Er,z + Er,1)
|Experimental — Expected| | 1245 — 1250]
% error = Expected x 100 = — 1350 X100 = 0.4 %

As shown through the calculations, the deviation for the lower SPR wavelength (ASPRl) is 0.7% from
the expected response, with its associated pitch (4,) having a deviation 0.3%. In addition, the
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higher SPR wavelength (ASPRO) has a deviation of 0.4% from the experimentally observed value.
Furthermore, the SPR response was also measured using non-polarized light; the results are
presented below.
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Figure 49. Shows the corresponding SPR reading for the metasurface presented in Figure 46 (a) and
was taken with a spectrometer set to read in NIR. The main distinction here is that the readings were
taken from non-polarized light reflecting off the metasurface. All readings are done at a normal to
the sample surface (R, = 0°).

As can be observed from Figure 49, the SPR responses occur at the same wavelength as those
shown in the experimental results in Figure 47. Furthermore, attempts to fabricate 6-fold symmetric
metasurfaces with periodicities in the visible range using the PIL technique were unsuccessful. The
reasons for this pertain to the single-pyramid setup shown in Figure 21 (provided in Section 3.2),
where the 488 nm laser beam was aligned directly along the optical axis, such that it propagated
toward the vertex of the acrylic pyramid with &« = 30° base angle. This configuration caused the
beam to concentrate near the vertex, producing an interference region where the azobenzene thin
film resides. Upon visual inspection, it was observed that the optical quality near the vertex was
compromised due to imperfections, possibly resulting from wear during prior experiments or
insufficient polishing during fabrication. Any scratches or surface roughness at the vertex could
have distorted the wavefronts, leading to further distortions in the interference pattern. A non-
uniform patterned surface was still observed; however, the pattern quality was insufficient to
support SPR after gold sputtering. In contrast, the dual-pyramid setup shown in Figure 22 (Section
3.2) directed the beam toward the outer regions of the second pyramid's faces, avoiding the vertex
and instead interacting with areas of higher optical quality near the edges. This likely led to uniform
interference patterns and more effective plasmonic structures, which successfully produced
distinct SPR responses, as shown in Figures 47 and 49.
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4.7 SPR measurements for metasurface with 8-fold
symmetry in the IR region

Below is the image of a metasurface with 8-fold rotational symmetry in the IR region, produced
using an 8-face PIL with a pitch size residing in the IR region.

Figure 50. 20 um x 20 um AFM image of metasurface with 8-fold symmetry in the IR region. (b)
Simulated pattern for a 8-face PIL (c) The corresponding FFT image of the metasurface showing the
emergent octagonal pattern outlined by the dashed lines.

The metasurface shown in Figure 50 was produced with a 488nm laser with an irradiance of 951“—7:;

and an exposure time of 90 seconds. The metasurface has a pitch A value of 1546 nm for the long-
range periodic order and an average depth of the patterned structure between 22 nm and 50nm.
The patterns were produced using a single pyramid system with a base angle of a = 30°.
Comparing the simulated image of the 8-face PIL shown in Figure 50(b) with the actual metasurface
shown in Figure 50(a), the patterns exhibit similarity. Upon further inspection, the FFT of the image
reveals a tilted octagonal structure, as shown in Figure 50(c). Figure 51 shows corresponding SPR
measurements.
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Figure 51. Shows the corresponding SPR reading for the metasurface presented in Figure 36 and
was taken with a spectrometer set to read in NIR. The reading was taken with linearly polarized light
reflecting off the fabricated surface area. All readings are done at a normal to the sample surface
(R, =0°)

Regarding the experimental results presented in Figure 51, the SPR absorption dip occurs at
1550nm when Ry = 0° . Furthermore, the light polarization was rotated in increments of 45° up to
Ry = 90°. No shiftin the wavelength response was observed under these rotations. The blue
dashed line denotes the pitch value of the grating, and the black dashed line indicates the
wavelength at which the peak of the observed SPR response lies.

Since this is a quasi-crystal pattern, it lacks translational periodicity [30]. However, the analysis
here is still based on what would have been expected considering that the intended design follows
with pitch value as per equation (38) to compare with symmetries that do follow translational
periodicity. The expected Aspr can be calculated by equation (38) as the following,

(Er,l er‘,Z)

(Er,z + Er,1)

Aspr = A = 783 nm(1.064620562) ~ 833 nmn

|Experimental — Expected| | 1550 — 833|
X100 = ———FF—

0 =
% error Expected 833

X 100 = 86 %

Expected pitch 4, calculation based on equation (54) as the following:

A= 488nm
~ 2sin(sin~1(n, sin(30°)) — 30°)

~ 783 nm
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Experimental pitch observed:
A =1546 nm

|Experimental — Expected| | 1546 — 783|
X100 = ———

x 100 = 979
Expected 783 %

% error =

Based on the above deviations of 86% for the SPR response Aspr and 97 % for the pitch value 4, it
is reasonable to assume that the metasurface with 8-fold rotational symmetry necessitates a
different model to predict periodicity and SPR occurrence more accurately. Surface plasmons on
such metasurfaces showing quasi periodic structures have been studied in the past [107] and may
provide a better insight or predictive methods for matching experimental data. Research looking
into patterns for two-dimensional quasicrystals, specifically accessing for 8-fold rotational
symmetry, have shown to exhibit scaling (or ratio) of periodicity between neighbouring points by a
factor of either v/2 and 1 + /2 [108]. Using this factor, a hypothesised value for a pitch can be
made by considering a long-range periodicity for an octagonal geometry as illustrated below in
Figure 52.

long range periodicity
{42)

Figure 52. Octagonal structure geometry with representation of the expected primary pitch A and
the lower order pitch A4. The illustration assumes a long-range periodicity of the metasurface with
value of A,.

Based on the geometry presented in Figure 52, the lower order pitch (A;) can be calculated as the
following,

_ 360°

0 = = 450
8

6
Ay = A cos (§> = 783 nm(0.924) = 723 nm
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Supposing that the SPR response observed in the experiment is due to an average of the two scaling
factors ofv2 and 1 ++/2, then the long-range periodicity can be determined as:

<x/§+1+\/§

A, = A
2 2

1
) =723 nm<z+\/§) ~ 1384 nm

Comparing this with the experimental pitch observed yields the following percent error:

|Experimental — Expected| 10 | 1546 — 1384|
X =

x 100 = 129
Expected 1384 %

% error =

Furthermore, the expected SPR response associated with the long order periodicity (A,) can be
calculated as:

(Er,1 Er,z)

A = A
SPR (er,z + er,l)

= 1384 nm( 1.064620562) ~ 1473 nm

Now, comparing the experimental SPR response to the expected yields the following:

|Experimental — Expected)| o _ 11550 — 1473|

X100 =59
Expected 1473 %

% error =

Based on the hypothesized pitch value, and assuming long-range order in the quasicrystal pattern,
the calculated results yield a 12% deviation for the pitch value A, and a 5% deviation for the SPR
response Agpr . Itis important to note that quasicrystal patterns, such as those with 8-fold
rotational symmetry [108], do not exhibit simple periodicity. Instead, they contain a multitude of
periodicities which may be different from the one observed in this experiment and could account
for the relatively high deviations. Nevertheless, these values represent a significant improvement
compared to earlier estimates, which showed deviations of 86% and 97%, respectively. While the
reduction in error is encouraging, the remaining discrepancies underscore the need for more
accurate and robust predictive models to describe SPR behavior in quasicrystal patterned
metasurfaces. Furthermore, the spectrometer measurements were also taken with non-polarized
light. The data for which is presented in figure below.
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Figure 53. The reading was taken with non-polarized light reflecting off the fabricated surface area.

All readings are done at a normal to the sample surface (R, = 0°).

The data presented in Figure 53 shows no change in the SPR response when non-polarized light was

reflected off the metasurface.
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4.8 Summary of SPR measurements for metasurfaces

To consolidate the findings from section 4.2 to 4.8, the following section presents a comprehensive
summary of the key experimental results obtained from the fabricated metasurfaces. This includes
the measured periodicities, surface plasmon resonance (SPR) wavelengths, and corresponding
deviations from theoretical predictions across different metasurface symmetries and

configurations. This data is organized in Table 1 below, showing a clear overview of how well the
fabricated structures align with theoretical expectations.

Visible region NIR region
Metasurfaces % error for periodicity % error for SPR wavelength % error for periodicity % error for SPR wavelength
of N-fold
rotational
symmetry
3-fold Exp. =682nm , Theo.= 678nm Exp. = 702nm , Theo.=720nm Exp.=968nm , Theo.= 1017nm Exp.=980nm, Theo.= 1083nm
% error = 0.58% % error = 2.5% % error = 4.8% % error = 9.5%
4-fold Exp. =831nm, Theo.= 783nm Dual resonance observed: Exp.=1104nm, Theo.= 1175nm Exp.=1180nm, Theo.=1250nm
% error = 6.1% Exp. = 843nm, Theo. = 833nm % error = 6% % error = 5.6%
% error =1.2%
Exp. =615nm, Theo. =588nm
% error = 4.6%
6-fold Exp.=1171nm, Theo.= 1175nm Dual resonance observed:
% error = 0.3% Exp.=1090nm , Theo.= 1082nm
% error =0.7%
Exp.=1245nm , Theo.= 1250nm
% error = 0.4%
8-fold Exp. = 1546nm , Theo.= 1384nm Exp. = 1550nm , Theo.= 1473nm
% error = 12% % error = 5%

Table 1. Summary of periodicity and SPR responses for each metasurface.

As shown in table 1, during the analysis of the metasurface with 3-fold rotational symmetry, it was
observed that the percentage deviation of the measured periodicities and the corresponding SPR
wavelengths appeared larger for measurements taken in the near-infrared (NIR) region compared to
those in the visible range. However, given that this observation was specific to a single metasurface
configuration and was not consistently replicated across other metasurfaces with different
rotational symmetries, it is likely a result of experimental variability rather than an inherent trend.
This experimental variability may include minor misalignments in optical elements as their
adjustment relied purely on visual inspection and any small offset can cause the metasurface
structure to vary slightly from intended design. As such, no definitive correlation between
increasing periodicity and error magnitude can be established from the current data. Further
investigations across a broader set of samples would be required to determine whether this
behavior is coincidental or indicative of a systematic effect.
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4.9 SPR imaging for metasurface with 4-fold symmetry in
the visible region

In this experiment, as mentioned in Section 3.5.2, light from a halogen source first passes through a
linear polarizer, ensuring that only linearly polarized light reaches the sample. The sample is a gold
metasurface exhibiting 4-fold symmetry with an underlying azobenzene layer. Upon reflection from
the metasurface, the light then encounters a second polarizer, which has its polarization
transmission axis oriented 90° from the first. According to Malus Law, as presented in equation
(14), this setup only allows light to pass through if the reflected light from the sample surface has
undergone polarization rotation after reflection and is no longer parallel to the polarization axes of
the second polarizer. In that case, the only way an image of the surface can be observed is if the
plasmonic metasurface is altering the polarization state of the reflected light. To further
acknowledge this, recent research has demonstrated that plasmonic metasurfaces can modify the
polarization of light, effectively transforming it into a circularly polarized wave, which is a function
typically achieved using a waveplate [109]. Thus, the metasurface can be imaged through similar
polarization-altering behavior in reflection.

The following section presents the resulting SPR image produced from the metasurface with 4-fold
rotational symmetry. The image was captured using the optical setup illustrated in Figure 27 (see
Section 3.5.1), with incident light kept normal to the sample surface ( R, = 0°). However, the setup
did not have a tunable light filter or a bandpass filter, meaning only polarized white light from the
halogen source was reflected of the fabricated surface. The resulting image is presented in Figure
54 below.

Figure 54. SPR image of metasurface with 4-fold symmetry captured with non-filtered light.

The image shown in Figure 54 is of the metasurface first presented in Figure 42(a), which is provided
in Section 4.3. Since the optical setup used also includes a SPR spectrometer, the corresponding
spectrometer reading for Figure 54 was obtained. These readings are presented in Figure 55.
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Figure 55. The spectrometer displays SPR peaks at 623 nm and 845 nm. Here, two reflection peaks
are observed instead of absorption dips, as the setup blocks directly reflected light unless there is a
change in the polarization state.

The graph shown in Figure 55 indicates that the SPR measurement for the secondary response,
designated by the red dashed line, is slightly shifted from the previous measurement of the SPR
wavelength for the metasurface, as indicated by the blue dashed line (see section 4.4, Figure 42).
The black dashed line indicates the measurement for the primary response at 845nm and is still
relatively the same as the one observed in Figure 42. However, compared to Figure 42, it appears to
be shifted upward by 2 nm (from 843 nm to 845 nm).

Furthermore, it is essential to clarify that the unusually high reflection intensities reported in Figure
55—specifically, 1000% at an SPR wavelength of 845 nm and 3000% at 623 nm—which should be
taken as artifacts of the referencing method rather than being indicative of enhanced SPR effects.
These values result from referencing the measured intensities against a black background with
minimal baseline illumination. In this setup, the reference spectrum was obtained by attempting to
block as much light as possible, resulting in a reference intensity that approached zero.
Consequently, when even modest amounts of reflected light were measured, the calculated
relative intensity appeared artificially high. These elevated percentage values should, therefore, be
interpreted with caution and not be attributed to physical enhancement mechanisms beyond
standard SPR behavior.

Another interesting observation regarding this spectrometer data is that, despite the metasurface
having an intended pitch design for 845 nm, the most prominent peak occurs at the secondary
response.
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4.10 SPR imaging for metasurface with 4-fold symmetry in
the visible region using tunable filter

In Figure 55, the data collected was for the metasurface response to unfiltered light from the
halogen source. However, to identify the specific wavelengths and to understand which regions of
the surface are responsible for the SPR response, a tunable light filter can be introduced. The setup
used for this experiment is the one presented in Figure 23 (provided in Chapter 3.5.2); however, the
bandpass filter is not present. The results obtained using this setup are given below.

Figure 56. SPR image of metasurface patterned with 4-fold symmetry captured at a tuned
wavelength of 615nm. The SPR peak, corresponding to this image, occurs at 621nm; the associated
results are shown in Figure 57.

From Figure 56, it can be observed that edge regions of the metasurface exhibit stronger SPR
responses compared to the central area. This variation is likely due to non-uniformities in the
metasurface structure and grating depth across the fabrication area. While the central region
maintains a 4-fold rotational symmetry, the edges deviate due to the uneven overlap of the
interfering wavefronts that generate the pattern.

The intended 4-fold symmetric pattern requires the constructive overlap of all four refracted beams
from the pyramidal prism. However, near the edges, not all wavefronts overlap fully, leading to
variations in pattern geometry and depth. Specifically, at the triangular-shaped edges seen in Figure
56, the pattern transitions into linear gratings, resulting from the interference of only two
overlapping beams. This shift from cross-gratings to linear gratings alters the structural symmetry
but also introduces topographical changes, including variations in grating depth—both of which
influence the observed SPR response. Research has shown that gratings depth can influence SPR
response which may explain the changes in intensity across various regions of the fabricated
surface [115].
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Figure 57. The spectrometer readings show the highest SPR peak when the tunable filter is set to a
wavelength of 615 nm. (a) Shows the 2D spectrographic readings across the full range of tuned
wavelengths. (b) Shows a 3D stacked wavelength vs intensity graphs for the selected range between
555 nm to 675 nm to better distinguish between spectrometer readings.
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It can be noticed from Figure 57 that along with the SPR peak at 621nm (indicated by the red dashed
line), there are also other peaks observed at 843 nm (indicated by the black dashed line) close to
the pitch value of 831nm of the fabricated surface with 4-fold symmetry. The tunable filter used in
this experiment allows selective observation of the SPR response within a wavelength range of 420
nm to 730 nm. However, the filter also permits light transmission beyond 800 nm, indicating that
the crystal in the tunable filter allows near-infrared (NIR) light (wavelengths greater than 800 nm) to
pass through. Consequently, SPR-related responses are still observed in this region, indicating that
changes persist in the NIR range as the wavelength is tuned. To further isolate the signal around the
600nm range, it is required to filter out the NIR signals.
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4.11 SPR imaging for metasurface with 4-fold symmetry
with a bandpass filter

To determine which regions of the metasurface contribute to the SPR response at 615 nm, itis
necessary to isolate the wavelength range where the most substantial SPR peak occurs. A
bandpass filter was available in the lab, which permitted wavelengths between approximately 600
nm and 670 nm to pass through. The spectral transmission curve of this filter is presented below.

(%)

Ission

Transm

Wavelength (nm)

Figure 58. Spectral graph of the bandpass filter used to isolate transmission signal between 600nm
to 670nm approximately.

As shown in Figure 58, the bandpass filter provided a sufficient spectral range, aligning with the
data presented in Figures 57(a) and 57 (b), where the SPR response emerges around 590 nm and
diminishes near 750 nm. This range effectively captures the highest SPR peaks, ensuring their
inclusion in the experiment. In terms of the optical setup, this filter was placed in front of the
tunable light filter, as shown in Figure 23 (provided in section 3.5.2). Under this setup, the results
are presented in Figure 59.
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Figure 59. (a) SPR image of metasurface with 4-fold symmetry using tunable filter in conjunction
with bandpass filter. Confining the range to only be in between 590nm and 750nm. (b) Shows the
SPR peak at 623nm (labeled new) when the visible light filter is tuned to 615nm (labeled initial).

Figure 59(a) shows the corresponding image to the spectrometer reading in Figure 59(b). The two
figures indicate that when the wavelength was tuned to 615 nm, SPR excitation occurred at 623 nm
along the edges of the structure. The activation of all four edges of the fabrication suggests that
these edge structures are responsible for the peak observed at 615nm. Further results inspecting
the edges of the fabrication are presented in Figure 60.

While it may be tempting to attribute the secondary absorption dip observed in Figure 40 (Section
4.3) to edge-related effects, this explanation is unlikely. In that experiment, the beam diameter was
sufficiently small and positioned near the center of the sample, avoiding interaction with the edge
structures. Provided the propagation length of SPW is between 10 and 100 microns [79], as
previously mentioned in Section 2.1, this would not be possible unless the projected light on the
sample is somehow reaching those edge regions. Additionally, it is worth noting that the secondary
SPR responses differ between the two experiments: Figure 42 (Section 4.4) shows a resonance at
615 nm, whereas Figure 59(b) displays it at 623 nm. Further inspection of the edge structures
through AFM is shown in Figure 60.
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Figure 60. An inspection of the edge of the fabricated surface (a) reveals an SPR image of the
metasurface with 4-fold symmetry (b), which indicates a pitch of 590 nm for the gratings, as
determined by AFM imaging.

Based on Figure 60, which shows 590nm linear gratings at the edges, the corresponding Aspr can
be calculated by equation (38) as the following,

(Er,l er,z)

Aepp = A| |22
SPR (Er,Z + Er,1)

= 590 nm(1.064620562) ~ 628 nm

Comparing it to the observed value gives the following:

o _ |Experimental — Expected| 100 = | 623 — 628
oerror= Expected a 623

X 100 = 0.8 %

Based on the 0.8% deviation, it is hypothesized that the edge structures with a gratings pitch of 590
nm are causing the observed SPR response. To investigate whether similar phenomena occurred
with other metasurfaces, the same experiment was conducted with a metasurface exhibiting 3-fold
symmetry, which will be presented in the next section.

It should be noted that the tunable light filter can only tune wavelengths from approximately 450
nm to 720 nm, and no tunable filter was available for the NIR range to study the behavior of 845 nm
pitch in a similar manner. Perhaps future research can investigate tuning into higher wavelengths to
understand how a metasurface with 4-fold symmetry with an 845 nm pitch would behave.

88



4.12 SPR imaging for metasurface with 3-fold symmetry
with non-filtered light

The optical set-up used for this experiment was the same as Figure 23 (see section 3.5.2), except
that no filter was present. The results of this experiment are shown below.
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Figure 61. (a) SPR image of metasurface with 3-fold symmetry with non-filtered light. (b) Shows the
SPR peak at 700 nm for a periodicity (pitch) of 682 nm.

Reflection Intensity (%)

From the above Figure 61(b), again —as mentioned in Section 4.8 — it should be noted that the
extreme enhancement in reflection intensity of 10,000% are artificial and is not suggestive of
something beyond standard SPR effects. Instead, it is most likely due to the intensity observed to
the relative background.

In the context of the SPR response, the observed peak at 700 nm aligns with the expected result
from Figure 35 (provided in Section 4.2). Again, to further investigate the area of the metasurface
shown in Figure 35(a) that may be causing the response, a tunable filter is used. This is presented in
the next section of the chapter.
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4.13 SPR imaging for metasurface with 3-fold symmetry
with Tunable light filter

Despite the reflection intensity shown in Figure 61(b), a visible light filter was used to gain further
insight into which part of the metasurface structure was responsible for the observed peak and to
verify the exact wavelength at which SPR excitation occurred. Thus, the optical setup used in this
experiment was the same as that shown in Figure 23 (provided in Section 3.5.2), except that the
band-pass filter was omitted. Scanning through different wavelengths in the visible region, the

results of this experiment are presented below.
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Figure 62. (a) SPR image of metasurface exhibiting 3-fold symmetry at a tuned wavelength of
690nm. (b) Shows the SPR peaks for varying tuned wavelengths, with an SPR wavelength of 700 nm
shown by the red dashed line.
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From Figure 62(b), the 690 nm tuned wavelength is responsible for the dominant SPR peak
occurring at 700 nm. From figure 62(a), the areas that experience the highest enhancement in
reflection intensity for the metasurface seem to be the entire fabricated surface without a clear
distinction between certain regions activated over others on the fabricated structure. Thus, itis
hypothesized that the whole surface is responsible for the SPR peaks observed in Figure 62(b).
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4.14 Results for PIL using lens-pyramid system

As hinted at the end of chapter 4.1, the following demonstrates a proof of concept for the optical
setup for PIL using a lens-pyramid system. This section also develops a curve-fitting equation to be
used as a tool for future research in the fabrication of metasurfaces. The optical setup for the lens-
pyramid system for PIL follows the theoretical formulation of equation (78) (provided in section
2.3.3), where a model was developed for a system in which the biconvex lens is positioned after the
pyramid and before the focal point of the pyramid. The experiment was conducted using a 4-face
pyramid and a lens with a focal length of 5 cm. The optical set-up for this experiment is shown in
Figure 63.
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Figure 63. Optical set-up for pyramid lens system

In association with Figure 63, the following table shows the data that was collected measuring a
range of pitches values 4,,, over a distance x away from the lens:

x (mm) Agxp (NM)
20 2056
23 2233
26 2473
29 2771

Table 2. Experimentally determined pitch Ay, over distance x

From Table 2, it can be observed that the pitch increases as the distance from the lens increases,
showing an increasing trend. All fabrications to determine the experimental pitch data were

produced with an irradiance of 167% and a 20s exposure. As per equation (85), the hypothesized

function for the pitch is given by the following:
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T

;) ~ 0.1745 and A = 488 nm. . The
180

material used for the pyramid is Acrylic; as such, the index of refraction is 1.49 (n, = 1.49). By
equation (54), the theoretical pitch value A for a single pyramid system would yield the following:

The parameters used for this experiment are a = 10° (

2 A _ 488 nm (86)
- 2sin(sin~1(n, sin(a)) —a)  2sin(sin~1(n, sin(0.1745)) — 0.1745)
~ 2790 nm

Interestingly, the lens-pyramid system yields values for pitch that are smaller than those achieved

with a single-pyramid system of 2802 nm. To get a model for this system, curve fitting was done by
generating a value for n that minimizing the difference between the hypothesized pitch Ay values
to the experimental value Ay, , keeping the experimental values fixed. This can be presented with
the following algorithm:

N (87)

N
1 _1
min E [Ag (M, x;) — Agyp(x)| = min E A(Zsin(—n» — Aeyp(x;)
n ] n X
1=

i=1
Here n and x are input variables. The algorithm was implemented using the
scipy.optimize.minimize() function in Python (see code in Appendix), which by default is set to the
Nelder-Mead Simplex Method[110][111]. The method minimizes the objective function ( 2sin (xin) -
Aop(x) ) SUbject to constraints. As such, n was subject to be constrained in therange 0.1 < n < 5.

In the optimization model, the range of 0.1 < n < 5 was picked to maintain numerical stability. The
lower bound of n = 0.1 was chosen to avoid division errors and ensure that n is neither zero nor
negative. Avalue of n = 0 would yield a pitch size above 13000 nm (according to equation (85)),
while negative values would cause the pitch to be in the submicron region; both scenarios are
inconsistent with physical observations. Additionally, minimal values such asn = 0.001 would lead
to a model that changes too slowly, again contradicting what’s seen experimentally. For these
reasons, it was reasonable to set the lower bound at 0.1.

The upper bound of n < 5 was chosen to prevent overfitting and ensure that the model remains
within a reasonable range of experimental values. If n was too large, Xin would decay rapidly, making
6(x) approach zero and leading to unrealistically large pitch values. This is again not what was
observed experimentally, and as such, a reasonable assumption was made to choose 5. It should
be noted that other values for the upper bound are possible to explore. However, this could be a
matter of future exploration to have a better model.

Based on the data collected in Table 2, the model determined an optimal value of n = 0.71.
Leading to the following expression for the hypothesised pitch:

P (88)
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Furthermore, Figure 64 shows the comparison between the developed model and the experimental
observations.
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Figure 64. PIL with 4-faced pyramid (a = 10°) and a lens with a focal length of 5cm. All experimental
values (red dots) were obtained with an irradiance of 167 % and a 20-second exposure, resulting
in an approximate depth of 30 nm.

From Figure 64, the data follows the hypothesized inverse relationship between 6(x) and x. As
mentioned earlier, the experimental values are smaller than those generated by a single-pyramid
system, as provided in Equation 86. This suggests that the lens increases the final refracted angles,
thereby leading to lower pitch values that are not achievable by the pyramid alone. Furthermore,
the pitch value changes as the sample moves greater distances away from the pyramid, thus
validating the tunability of pitch. In addition, as per Figure 64, the error for the caliper readings to
measure the distance between the biconvex lens and the sample of +£0.05 mm are included via red
error bars. It is important to note that the last experimental data point should not be considered as
an outlier since the fitting function itself can be further optimized.

It is essential to note that the hypothesized pitch equation can be utilized as an experimental tool to
determine the sample position required to fabricate pitches of a desired size, and it is not an exact
equation for the lens-pyramid system being analyzed.
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Finally, Figure 65 provides an example of the metasurface with 4-fold rotational symmetry produced
using the lens-pyramid system, where the lens was positioned after the pyramid.

e
.

swEaveew
i e S e e g

e A A AL AL A AL\
i A L L AL AN

QNEAS

SN S
e At A M

- . N
~ b

e e e s i
A S e S
RERANRR LR

NAAA
. \\\‘ ‘JJ-‘J.U A
LA AA A AL
. S o o S S RN S 9,

e, e, N e e =

Figure 65. Proof of concept for lens-pyramid system for pitch adjustability. (a) Shows the fabrication
resulting from 4-face PIL (a =10°). Done at 160 % and 120s exposure. With an approximate depth
of 45 nm and pitch of 4 um. (b) Shows the fabrication resulting from 4-face PIL (a =10°) with a
biconvex lens (focal length of 5cm) positioned in front of the pyramid. Fabricated with 160 % and
20s exposure. With an approximate depth of 30 nm and a pitch of 2.3 um.

It is important to note that the pitch size observed in Figure (b) is approximately 1.7 times smaller
than that in Figure (a). The results shown in Figures 64 and 65 demonstrate proof of concept for
pitch reduction using a lens-pyramid system. Additionally, the figure highlights the potential to
generate a tunable range of pitch sizes.

Future work could explore an exact or more optimized equation to model the lens-pyramid system
or perhaps have a simulation for such as model in order to determine the pitch based on the
distance between the sample and the lens-pyramid system.
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Chapter 5: Conclusion

This study, for the first time, performed SPR imaging of plasmonic metasurfaces developed using
the PIL technique. The research focuses on designing and fabricating plasmonic metasurfaces,
followed by their structural characterization and analysis. To prepare the samples, azobenzene-
based thin films were spin-coated onto cleaned glass substrates. These films were subsequently
patterned using the PIL technique. Before fabrication, Python simulations were developed to help
visualize and understand the multi-beam interference patterns responsible for the resulting
metasurface structures. The simulated patterns closely resembled those observed
experimentally.

The research further investigated the use of PIL to fabricate plasmonic metasurfaces with varying
rotational symmetries and evaluated their SPR behavior. The PIL technique employed pyramids
with different numbers of faces, including 3-face, 4-face, 6-face, and 8-face pyramids. These
pyramids produced metasurfaces with patterned structures exhibiting 3-, 4-, 6-, and 8-fold
rotational symmetries, respectively. Additionally, quasicrystal patterns were formed when 8-face
PIL was used. Each patterned metasurface had its grating periodicity measured and characterized.

Plasmonic metasurfaces with 3-fold symmetric patterns were fabricated with two different pitch
sizes—one in the visible region and one in the IR. The visible pitch was produced using a single-
pyramid system, while the IR structure was fabricated using a dual-pyramid setup. For the
patterned surface in the visible region, the SPR wavelength deviated by 2.5% from the expected
value and the pitch by 0.58% from the intended design. For the metasurface exhibiting 3-fold
rotational symmetry and periodicity in the IR range, the SPR wavelength deviated by 10% and the
pitch by 4.8%.

Metasurfaces patterned with 4-fold rotational symmetry were also fabricated with periodicities in
both visible and IR. In the visible range, the plasmonic metasurface was patterned using a single
pyramid system, exhibiting an SPR deviation of 1.2% and a pitch deviation of 5.8%, aswell as a
secondary SPR response that deviated by 4.6%. The IR version of this metasurface was made using
a dual pyramid system, exhibiting a 5.6% deviation in SPR wavelength from the expected value and
a 6% deviation in pitch from the intended design.

Regarding plasmonic metasurfaces exhibiting 6-fold rotational symmetry, only periodicities in the
IR were produced, and no successful patterning could be done for the visible. The metasurface was
patterned in the IR range using a dual pyramid system. Furthermore, it showed excellent agreement
with predictions, with its SPR wavelength deviating by only 0.4% and its pitch by 0.3%. A secondary
SPR response was also observed, deviating 0.7% from the expected value.

Metasurfaces patterned with 8-fold rotational symmetry showed a quasicrystal pattern.
Furthermore, the SPR wavelength and pitch deviated significantly—by 5% and 12%, respectively—
highlighting the need for improved models designed to predict properties of metasurfaces with
aperiodic structures.

Additionally, SPR imaging was performed on plasmonic metasurfaces exhibiting both 3-fold and 4-
fold rotational symmetries. For the 4-fold symmetry, two distinct SPR responses were observed,
with further analysis revealing that edge features contributed to the secondary peak. Regarding the
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metasurface with 3-fold rotational symmetry, no specific localized region was identified as being
responsible for its SPR response.

Furthermore, this work demonstrated a proof of concept for dual-pyramid systems, which enable
pitch sizes not achievable with single-pyramid setups. Finally, this work also demonstrated the
potential of a lens-pyramid system to generate tunable pitch ranges.

Several observations made during this study present valuable opportunities for future investigation.
Notably, the metasurface with 3-fold rotational symmetry with periodicities in the IR region
exhibited a significant 10% deviation in its SPR response and a 4.8% deviation in pitch from the
expected values. Understanding the exact cause of this substantial discrepancy could help
improve the accuracy and consistency of metasurface fabrication.

Moreover, the metasurfaces produced using the 8-face PIL technique, which resulted in
quasicrystal-structured patterns, showed substantial deviations from the predicted values -5 % for
the SPR response and 12% for the pitch. Future work could consider developing and/or applying
new theoretical models that account for the unique structural and optical characteristics of
quasicrystal patterns to improve the predictive accuracy of periodicity and SPR wavelengths.

Furthermore, equipment limitations restricted further SPR imaging of the 831 nm pitch structures
on the metasurface with 4-fold rotational symmetry, primarily due to the lack of a tunable filter
capable of spanning both visible and near-infrared (NIR) wavelengths. Incorporating broader
spectral imaging capabilities in future studies would enable a more comprehensive investigation of
the light-matter interactions in these structures.

In addition, depending on the target application, plasmonic metasurfaces with tailored geometries
and resonant properties can be engineered to support highly sensitive spectroscopic techniques
such as Metasurface-Enhanced Infrared Spectroscopy (MEIRS), which enables real-time, label-free
biosensing of live cells [112]. Previous research in our lab has successfully demonstrated the
patterning of metasurfaces with various rotational symmetries at the micron scale [30]. Building on
that foundation, future work could focus on fabricating metasurfaces with precisely tuned pitch
and depth in the visible and near-infrared regimes using the PIL techniques explored in this thesis—
specifically, the single-pyramid, dual-pyramid, and lens-pyramid systems. These fabrication
techniques are scalable, cost-effective, and could eliminate the need for costly methods such as
electron beam lithography (EBL). Leveraging PIL to produce metasurfaces could provide a more
feasible approach for MEIRS and its use in biosensing platforms capable of extracting chemical
information from cells in real time, drug testing, as well as provide analysis on how cells respond to
stimuli [112].

The first successful implementation of SPR imaging on PIL-fabricated plasmonic metasurfaces is
presented in this thesis. The study utilized azobenzene-based thin films and multi-beam
interference to pattern rotationally symmetric metasurfaces, analyzing their depth and periodicity.
Simulations of PIL were developed for visualization and displayed pattern formations that
resembled those produced experimentally. SPR responses were observed for metasurfaces with 3-
fold and 4-fold symmetries across both visible and infrared wavelengths. However, SPR responses
were only observed in the infrared for metasurfaces with 6-fold and 8-fold symmetries. The
deviations in SPR wavelengths and periodicities were generally within 10% error margins. Notably,
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the 6-fold symmetric metasurface in the IR demonstrated the highest accuracy, with SPR and pitch
deviations of less than 1%. These findings highlight the versatility of PIL in producing plasmonic
metasurfaces and their ability to be imaged through SPR.
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Appendix A:

PIL simulation code:

# Sampling parameters

delta =0.005 # spatial resolution

x =np.arange(-10.0, 10.0 + delta, delta)
y = np.arange(-10.0, 10.0 + delta, delta)
X, Y =np.meshgrid(x, y)

# Parameters

w =1 # beam width (not used here but could be for Gaussian envelope)
lamda = 0.488 # wavelength in micrometers

f2=1/lamda # spatial frequency in micrometer”-1

radius =50 # radius of the circle where sources are placed

N =8 # number of point sources

# Generate sources on a circle
angles = np.linspace(0, 2 * np.pi, N, endpoint=False)
sources = [(radius * np.cos(theta), radius * np.sin(theta)) for theta in angles]

# Sum contributions from all sources
Z = np.zeros_like(X)
fori, (x0, y0) in enumerate(sources):
Z +=np.sin(2 * np.pi * f2 * np.sqrt((X - x0) ** 2 + (Y - y0) ** 2))

# Plotting

plt.figure(figsize=(8, 6))

plt.imshow(Z, extent=(x.min(), x.max(), y.max(), y.min()), origin="upper’, cmap='YlOrRd")
plt.colorbar(label="Intensity')

plt.title(f"Interference Pattern from {N} Sources on a Circle")

plt.xlabel("x (um)")

pltylabel("y (pm)")

plt.tight_layout()

plt.show()
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Lens-pyramid system optimization Code:

import numpy as np
import matplotlib.pyplot as plt
from scipy.optimize import minimize

# Given experimental data
pitch1 = np.array([2056, 2233, 2473, 2771]) # Lambda (nm)
distance = np.array([20, 23, 26, 29]) # x (mm)

# Define the theoretical function for Lambda
def lambda_theoretical(n, x):
theta_x=1/(x**n)
return (488 /(2 *np.sin(theta_x)))

# Define the objective function to minimize the sum of absolute differences
def objective(n):
lambda_model = lambda_theoretical(n, distance1)
return np.sum(np.abs(lambda_model - pitch1)) # Sum of absolute differences

# Optimize n to best fit the data
result = minimize(objective, x0=[1.5], bounds=[(0.1, 5)]) # Initial guess and reasonable bounds

optimal_n = result.x[0]

# Compute optimized theoretical values
lambda_optimal = lambda_theoretical(optimal_n, distance1)

# Output optimized parameter
optimal_n

print(optimal_n)
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