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Abstract

Metasurfaces are arrays of subwavelength particles that strongly interact with
electromagnetic radiation. Strong light-matter interactions aided by optical
resonances allow precise tailoring of optical responses. Metasurfaces have
been employed to realise extraordinary applications such as optical sensing,
flat optics, non-linear signal generation, etc. In particular, optical sensing
has become a significant research focus. Metasurface-based optical sensors
are highly sensitive, label-free, non-invasive or minimally invasive, robust,
compact, and cost-effective. These unique features make them a great alter-
native to bulky lab-based devices. Currently, further developments in optical
sensing are limited by a low quality factor (Q-factor) and weak light-matter
interaction.

In this thesis, we employ high Q-factor dielectric resonators based on bound
states in continuum (BIC) to enhance the Q-factor, and induce strong light-
matter interactions.

Chapter 1 introduces the theory and recent developments in nanophotonic
structures. It covers key concepts such as Mie theory, BIC, and optical
sensing, followed by the thesis motivation and outline.

Chapter 2 presents details on numerical simulations, nanofabrication, surface
functionalisation, surface texturing, and optical setups. It also discusses the
end-to-end process involved in optical sensing applications.

In Chapter 3, I compare different eigenmode resonances and their impact
on optical sensing parameters. I present a novel Quasi-BIC dielectric meta-
surface design based on structural asymmetry, which maximises key sensing
parameters to enhanced biosensing performance. Finally, we experimentally
compared the implementation of the Quasi-BIC metasurface design to detect
various biomolecules, including primary and secondary antibodies, as well as
different types of proteins.
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In Chapter 4, we propose a novel optical sensing mechanism using meta-
gratings. This approach exploits the principle that diffraction order inten-
sity variations with changes in the refractive index. Using this method, we
experimentally demonstrate exceptionally high sensitivity for bulk refractive
index sensing. Finally, we apply surface functionalisation to detect antibod-
ies selectively, successfully identifying the target biomarker within a mixture
of antibodies.

In Chapter 5, we develop a novel volatile organic compound (VOC) sen-
sor using Quasi-BIC metasurfaces decorated with metal-organic frameworks
(MOFs). By combining metasurfaces with MOFs, we achieve selective de-
tection of acetone vapour at room temperature. Additionally, we demon-
strate the dependence of VOC sensitivity and selectivity on MOF density.
This work highlights the sensor’s high sensitivity and selectivity for acetone
vapour while remaining unresponsive to other similar VOCs.

Chapter 6 concludes the thesis by highlighting key research outcomes and
providing insight into future research directions.

vi



Contents

1 Introduction 1

1.1 Preamble . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Introduction to nanoparticles . . . . . . . . . . . . . . . . . . 3

1.3 Developments in plasmonics . . . . . . . . . . . . . . . . . . . 8

1.4 Dielectric nanoparticles . . . . . . . . . . . . . . . . . . . . . . 11

1.5 Optical resonance and Mie theory . . . . . . . . . . . . . . . . 13

1.6 Bound states in continuum . . . . . . . . . . . . . . . . . . . . 18

1.7 Optical sensing . . . . . . . . . . . . . . . . . . . . . . . . . . 22

1.8 Theory behind LSPR optical sensing . . . . . . . . . . . . . . 25

1.9 Metasurface sensing principle . . . . . . . . . . . . . . . . . . 28

1.10 Motivation and thesis outline . . . . . . . . . . . . . . . . . . 32

2 Methods 35

2.1 Simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

2.2 Fabrication . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

vii



2.3 Surface functionalisation and surface texturing of metasur-
faces for sensing applications . . . . . . . . . . . . . . . . . . . 40

2.4 Optical characterisation . . . . . . . . . . . . . . . . . . . . . 44

3 Biosensing using metasurfaces 47

3.1 Sensing using a dielectric metasurface . . . . . . . . . . . . . . 47

3.2 Sensing with different eigenmodes . . . . . . . . . . . . . . . . 48

3.3 Comparison between Quasi-BIC mode and regular resonant
modes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

3.4 Biosensing using a Quasi-BIC mode . . . . . . . . . . . . . . . 59

3.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

4 Diffractive metagrating for optical biosensing 72

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

4.2 Huygens’ metasurfaces . . . . . . . . . . . . . . . . . . . . . . 74

4.3 Optical sensing principle using metagrating . . . . . . . . . . . 77

4.4 RI Sensing using a metagrating with large deflection angle . . 80

4.5 RI sensing using a metagrating with small deflection angle . . 85

4.6 Incident angle dependency on the LDA and SDA metagrating 89

4.7 Biosensing using a metagrating with small deflection angle . . 89

4.8 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

5 Volatile organic compound sensing using metasurfaces 97

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

viii



5.2 Optical VOC sensing principle using metasurfaces . . . . . . . 101

5.3 Quasi-BIC metasurfaces for VOC sensing . . . . . . . . . . . . 105

5.4 Experimental verification of Meta-MOF integration . . . . . . 107

5.5 Volatile organic compound sensing using metasurfaces . . . . . 110

5.6 Selectivity of the metasurface . . . . . . . . . . . . . . . . . . 113

5.7 Stability of the VOC sensing . . . . . . . . . . . . . . . . . . . 116

5.8 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

6 Conclusion and Outlook 120

6.1 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

6.2 Outlook on metasurface based optical sensors . . . . . . . . . 122

A Appendix 146

A.1 Metagrating numerical calculations . . . . . . . . . . . . . . . 146

A.2 Theoretical calculations . . . . . . . . . . . . . . . . . . . . . 147

A.3 VOC flow rate and concentrations . . . . . . . . . . . . . . . . 147

A.4 Thickness measurement using AFM . . . . . . . . . . . . . . . 148

A.5 Experimental and calculation methods . . . . . . . . . . . . . 149

ix



List of Figures

1.1 Functionalities of metasurfaces . . . . . . . . . . . . . . . . . . 2

1.2 Optical properties of nanostructures . . . . . . . . . . . . . . . 4

1.3 Schematic of electromagnetic wave incident on a nanoparticle

immersed inside a dielectric medium . . . . . . . . . . . . . . 7

1.4 Selected applications of plasmonic nanoparticles. . . . . . . . . 9

1.5 Resonance modes of a dielectric particle. . . . . . . . . . . . . 12

1.6 Electromagnetic modes inside of a sphere . . . . . . . . . . . . 15

1.7 Creating a Fano resonance by overlapping resonant modes. . . 18

1.8 Inducing Quasi-BIC mode by creating asymmetric structures. 20

1.9 Quasi-BIC mode through parameter tuning. . . . . . . . . . . 21

1.10 Components of a bio or gas sensor . . . . . . . . . . . . . . . . 22

1.11 SPR optical sensing principle. . . . . . . . . . . . . . . . . . . 23

1.12 Optical sensing principle using metasurfaces. . . . . . . . . . . 30

1.13 Selected examples of biosensing using dielectric metasurfaces . 31

2.1 Yee Cell spatial grid scheme . . . . . . . . . . . . . . . . . . . 36

x



2.2 Schematic of the optical simulations using FDTD software . . 38

2.3 Schematics of metasurface sample fabrication . . . . . . . . . . 39

2.4 Surface functionalisation scheme with linkers and bioreceptors 42

2.5 Schematics of 
ame spray pyrolysis to coat metasurface sam-

ples with metal-oxides . . . . . . . . . . . . . . . . . . . . . . 43

2.6 Schematics of the optical transmission setup . . . . . . . . . . 44

2.7 Schematics of the Fourier space imaging setup . . . . . . . . . 46

3.1 Bulk refractive index sensing using dielectric discs. . . . . . . . 47

3.2 Sensing and E-�eld pro�le for basic eigenmodes. . . . . . . . . 50

3.3 Schematic of the biosensing versus bulk RI sensing using a

metasurface. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

3.4 Interfacial sensing for dielectric discs. . . . . . . . . . . . . . . 53

3.5 Quasi-BIC metasurface design based on structural asymmetry. 54

3.6 E-�eld enhancement and transmission for di�erent BIC modes. 55

3.7 Interfacial sensing using Quasi-BIC metasurface. . . . . . . . . 58

3.8 Silanisation process using di�erent linker molecules . . . . . . 61

3.9 a. Schematic of antibodies. b. and c. Schematics of antibody

orientation after binding to linker molecule. . . . . . . . . . . 62

3.10 Antibody detection using GLYMO functionalisation on the

metasurface. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

3.11 Antibody detection using APTES-Glutaraldehyde functional-

isation on the metasurface. . . . . . . . . . . . . . . . . . . . . 65

xi



3.12 BSA detection using GLYMO functionalisation on the meta-

surface. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

3.13 Glycated albumin detection using GLYMO functionalisation

on the metasurface. . . . . . . . . . . . . . . . . . . . . . . . . 68

4.1 Optical sensing using gratings. . . . . . . . . . . . . . . . . . . 74

4.2 Numerical simulations of transmission and phase for a dielec-

tric metasurface. . . . . . . . . . . . . . . . . . . . . . . . . . 75

4.3 Numerical simulations of a 4 disc metagrating. . . . . . . . . . 77

4.4 Schematics of optical sensing using dielectric metagrating and

CCD camera (right). Numerically simulated sensitivity DIR

changes with increasing the RI . . . . . . . . . . . . . . . . . . 79

4.5 Numerically calculated DIR by varying the refractive index of

the analyte layer . . . . . . . . . . . . . . . . . . . . . . . . . 81

4.6 Experimental setup and results for the LDA grating. . . . . . 83

4.7 Numerical simulations of a 9 disc metagrating. . . . . . . . . . 87

4.8 Experimental results of a 9 disc metagrating. . . . . . . . . . . 88

4.9 Experimentally measured far-�eld intensity pro�les by tilting

the sample . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

4.10 Experimental biosensing results for a 9 disc metagrating. . . . 93

4.11 Experimental biosensing results for the selectivity test. . . . . 95

5.1 Schematics of VOC sensing using metasurface coated with MOFs102

5.2 Schematics of Metal organic framework development . . . . . 104

5.3 Proposed Quasi-BIC design for VOC sensing. . . . . . . . . . 105

xii



5.4 Metasurface resonance and E-�eld enhancement behaviour

with MOFs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

5.5 SEM images of the meta-MOF sample with transmission mea-

surements and optical setup. . . . . . . . . . . . . . . . . . . . 109

5.6 Experimental results of the acetone vapour sensing using the

meta-MOFs sample. . . . . . . . . . . . . . . . . . . . . . . . . 110

5.7 Experimental results of the acetone vapour sensing using a

varied MOFs density. . . . . . . . . . . . . . . . . . . . . . . . 112

5.8 Experimental results of selectivity tests using the meta-MOFs

sample. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

5.9 Reliability test and �rst derivative of the centroid shifts. . . . 117

xiii



List of Tables

3.1 Numerically calculated sensing parameters for the dielectric

disc. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

3.2 Numerically calculated sensing parameters for the dielectric

disc and the Quasi-BIC design. . . . . . . . . . . . . . . . . . 57

4.1 Comparison of sensing parameters for a few reported dielectric

di�raction based sensors . . . . . . . . . . . . . . . . . . . . . 85

xiv



Chapter 1

Introduction

1.1 Preamble

Electromagnetic radiation is an abundant source of energy in the universe.

Over the years, humans have developed various ways to control electromag-

netic radiation and harness its energy. Around 700 BC, ancient Egyptians

used polished crystals to start a �re by focusing the light. Later in 1835 a

German chemist, Justus von Liebig, deposited a thin layer of silver on glass

to form mirrors. These inventions enabled us to control light waves. Lenses

and mirrors are very e�cient in controlling light at a scale much larger than

the wavelength of light. The di�raction around sharp objects was studied

around the 17th century, which enabled us to control light at a wavelength

scale. New ways to control light have led to many innovative applications.

For example, optical magni�cation helps us to visualise objects invisible to

the naked eye using microscopes and telescopes, while transmission of coded

information through light led to optical communications. Hence, there is a

growing need and curiosity to develop new ways to control light waves at the

subwavelength scale.

The origin of subwavelength light control using nanostructures was in-

spired by nature. For example, the arti�cial colours of butter
y wing [2] or

moth eye structures presenting an anti-re
ective coating [3]. In 2000, D. R.

1



2 Chapter 1

Figure 1.1: Functionalities of metasurfaces [1]

Smith, et al. experimentally demonstrated an arti�cial material that controls

light waves known as metamaterials (MMs) [4], which was inspired by theo-

retical predictions presented by V. Veselago in 1968 [5]. In the 21st century,

researchers developed MMs to control light waves at the subwavelength scale

[6{10]. MMs are arrays of subwavelength particles that tailor the electro-

magnetic response of the incident light. The word metamaterial is derived

from the Greek word meta (beyond), which means beyond natural materials

[11]. The properties and capabilities of MMs are beyond those of naturally

occurring materials; hence they are known as metamaterials [12]. MMs can

precisely control the shape, spatial, and spectral properties of propagated

electromagnetic waves. These arti�cial structures enable us to explore new

optical phenomena, such as negative refractive index [6, 13], unidirectional

scattering [14], etc. MMs were initially studied in the microwave region

due to the ease of fabrication (larger structures) [15]. As the fabrication

techniques improved, researchers began designing MMs in optical and near-

infrared (NIR) regions. These new structures were planar and restricted

to 2D (two dimensions). These 2D MMs are now known as metasurfaces

[16]. As shown in Figure 1.1, metasurfaces are used to alter electromag-

netic properties in several di�erent ways [1]. Figure 1.1a shows the control
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of spectral transmission or re
ection by the use of subwavelength resonators;

Figure 1.1b, c, and d show the control of spatial properties; Figure 1.1e and

f show the control of light emission through linear and non-linear processes;

and �nally, Figure 1.1g and h shows detection of light and control of surface

chemistry. These extraordinary properties pave the way toward new and crit-

ical applications, such as optical sensing [17{19], second harmonic generation

[20{22], 
at lenses [23, 24], hologram generation [25{28], etc [29, 30].

In the optical and NIR regions, these metasurfaces are typically on the

order of a few hundreds of nanometres. The latest developments in micro- and

nanofabrication allows us to create metasurfaces in visible and NIR regions.

In the next section, I will explain nanoparticles, their development as optical

sensors, and their drawbacks.

1.2 Introduction to nanoparticles

Imagine two identical mirrors placed parallel to each other at a distance of

half a wavelength (� /2). This speci�c arrangement forms a Fabry-Perot res-

onator. Here, light waves with wavelength� will form a standing wave inside

the cavity due to interference e�ects. In metal nanoparticles, light is trapped

similarly due to the presence of electron clusters called plasmons (see Figure

1.2a). Nanoparticles are metal/dielectric particles with dimensions smaller

than the wavelength of light. These nanoparticles interact with electromag-

netic waves and alter the properties of the light waves. At a particular

frequency, these clusters form a resonance with the incident light wave, and

create colourful objects through resonant scattering. It has a �nite lifetime

and decays at a rate
 (for gold particles, the decay time is about 1-10 fs). The

aforementioned nanoresonators (particles or structures) originated in nature.

The butter
y wings present iridescence due to the presence of nanostructures

in the wings, as shown in Figure 1.2c [2]. Around the 4th century AD, noble

metal nanoparticles were used to create vibrant colours in the Lycurgus Cup

[31]. The colours are created by embedding small quantities of gold and sil-

ver nanoparticles into the glass. These particles form a resonance because of
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the arrangement of the nanoparticles, and they exhibit di�erent colours. As

shown in Figure 1.2b, the thickness of a nanoparticle determines the resonant

wavelength and the colour of the liquid. This behaviour was �rst explained

by Gustav Mie in 1908 [32]. He theoretically explained that the resonating

light inside gold particles causes vibrant colours, and it depends on the size

of the particle. Mie theory is widely used for calculations of the absorption

and scattering properties of nanoparticles. The colours re
ected or transmit-

ted through the nanostructures are governed by two factors. i) Geometrical

parameters such as shape, size, distance between particles, and arrangement

of particles; ii) Physical parameters such as optical properties of the mate-

rial, incident light, light angle, etc. In Figure 1.2b, we can observe that the

suspended gold particles exhibit di�erent colours based on their size.

Figure 1.2: a. Oscillation of plasmons on metal nanoparticles after exciting with
electromagnetic wave [33]. b. SEM image, transmission spectra, and suspended of
gold nanoshell of various diameters in a liquid [33]. c. Picture of morpho butter
y
[2]. d. SEM image of butter
y wings [2].
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The resonance occurs as a result of energy transfer between incident elec-

tromagnetic waves and materials due to oscillating charges/�eld. In metal

nanoparticles, plasmons are present on the surface. On the other hand, a

light wave is a sinusoidal wave where electric and magnetic �elds oscillate,

as shown in Figure 1.2a. When a light wave passes through the metal par-

ticles, it oscillates charges at the same frequency as the incident light. If

the frequency of the incident light is the same as the resonant frequency of

plasmons, the electromagnetic �eld couples with excited plasmons resulting

in local plasmonic modes. These are also known as localised eigenmodes

from Maxwell's equations [34]. The modes produce a dip in transmission

(or a peak in the excitation) as shown in Figure 1.2b. Thus, nanoresonators

(resonating nanoparticles) lead to several new and innovative applications.

As we understand the behaviour of nanoparticles, for practical applica-

tions, one should be able to tailor the properties to obtain a desired resonant

frequency. We know that resonant modes are the result of excitation of local

eigenmodes. We can apply Maxwell's equations on nanoparticles to obtain

electromagnetic properties; and calculate resonance frequencies. Maxwell's

equations for a macroscopic homogeneous medium are given by

r � E = � @B=@t [Faraday0s law] (1.1)

r � H = � @D=@t+ Jext [Ampere0s law] (1.2)

r � D = � ext [Gauss0 law] (1.3)

r � B = 0 [Gauss0 law] (1.4)

where E and H are the electric and magnetic �elds, D and B are the elec-

tric and magnetic 
ux densities, M and Jext are the volume of magnetic

and electric current densities, and� ext is the electric charge density. These

four macroscopic �elds can be linked to polarisation P and magnetisation M

through,

D = � 0E + P (1.5)
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H =
1
� 0

B � M (1.6)

where � 0 and � 0 are the permittivity and permeability of free space, respec-

tively. By considering only the electric polarisation e�ects, we can describe

P as the electric dipole moment per unit volume. For linear, isotropic, non-

magnetic media, we can rewrite our equations as

D = � 0�E (1.7)

B = � 0�H (1.8)

P = � 0�E (1.9)

where � (� = 1 + � ) is the dielectric constant, � = 1 for the non-magnetic

medium, and � is the dielectric susceptibility. The above equations explain

the interaction between metals and electromagnetic waves.

In the case of metal nanoparticles that are smaller than the wavelength of

electromagnetic radiation, the radiation couples with the electron plasma at

the metal-dielectric interface and creates bright colours as mentioned earlier.

As the particle size d is much lower than the wavelength (d � � ), the phase

of the oscillating electromagnetic �eld would be constant over the volume of

the particle, refer to schematic in Figure 1.3. The e�ective polarisation can

be written as

P = � 0� mE loc (1.10)

where � m is the permittivity of the metal particles. Using the above equa-

tion, we can calculate the di�erence in e�ective polarisation at the interface

between metalPm and dielectric Pd

P = Pm � Pd = � 0E loc(� m � � d) (1.11)

E loc = E0 �
P

� 0� d
(1.12)

P = V �0(� m � � d)(E0 �
P

� 0� d
) (1.13)
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P = 4�r 3� 0� d
� m � � d

� m + 2� d
E0 = � 0� d�E 0 (1.14)

� = 4�r 3 � m � � d

� m + 2� d
(1.15)

where r and V are the radius and volume of the nanoparticle,E0 is the

Figure 1.3: Schematic of electromagnetic wave incident on a nanoparticle im-
mersed inside a dielectric medium, where coloured circle is the metal nanoparticle
with the permittivity � m [35]

.

incident electric �eld, � d is the permittivity of the dielectric medium and �

is the polarisability. Polarisability changes with frequency due to the vary-

ing dielectric constant � m (! ) [36]. From the above equations, we can infer

polarisability experiences a resonant enhancement condition whenj� m + 2� dj

is minimum, when the imaginary part of� m is smaller around the resonance

frequency the equation further simpli�es to

Re[� m (! )] = � 2� d (1.16)

This relationship is known as Frohlich condition and explains the dipole due

to surface plasmon in metal nanoparticles [36]. The resonance red shifts (the

resonance wavelength increases) as� d changes. This behaviour is explored

in an optical sensing platform to detect changes in the� d using the shift in

resonance wavelength.
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There are several commercially available software packages that calculate

the interactions between electromagnetic waves and the material. The most

common method is �nite-di�erence time-domain (FDTD), refer to Chapter

2 Section 2.1 for a detailed explanation of FDTD. The simulation techniques

enabled us to create arti�cial materials to mimic and improve the perfor-

mance of nanostructures. Metal nanoparticles are widely known as plasmon-

ics because their properties arise from plasmons. The study of plasmonics

involves both naturally occurring and arti�cially designed structures. How-

ever, many naturally occurring materials (eg., metal nanoparticles suspended

in a liquid) exhibit resonance behaviour similar to that of metasurfaces.

1.3 Developments in plasmonics

Previously, I brie
y explained the theory behind plasmonic structures. In

this section, we will look at the use of plasmonics for practical applica-

tions. Some of the applications are optical sensors [37], perfect absorbers

[38], super-lenses [24], energy harvesting [39], etc. Firstly, let me explain the

energy conversion or harvesting through a strong light-matter interaction

[40]. Plasmonic nanostructures can harvest energy through resonant excita-

tion. K. Aydin, et al. demonstrate ultrathin plasmonic absorbers throughout

the visible spectrum (400-700 nm) [41]. They achieved an e�ciency of 71%

using a three-layer metal-insulator-metal sandwich as shown in Figure 1.4a,

where the top and bottom metal layers are separated by an insulating layer.

As shown in Figure 1.4b, they observed broad absorption in the visible range.

Similarly, F. Aieta, et al. demonstrated ultrathin 
at-lenses using plasmonic

metasurfaces [24], as shown in Figure 1.4c. They were able to focus on a 1550

nm wavelength using a metasurface with a hyperboloidal phase pro�le, see

Figure 1.4d. These lenses are fabricated on a 
at surface. Hence, removing

most aberrations.

Finally, the most relevant application for this thesis is optical sensors

using metallic nanoparticles. Using the theory presented in the previous sec-

tion, one can sense the presence of external molecules by measuring changes
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Figure 1.4: a. Schematics of three-layer plasmonic structure [41]. b. Absorption
spectra vs wavelength for three-layer plasmonic structure [41]. c. Schematic of
metasurface design used for 
at-lens application [24]. d. Experimental measure-
ments of beam waist cross-sections for di�erent numerical aperture [24]. e. SEM
image of silver nano triangle (top), schematics attaching streptavidin to nanopar-
ticles [42]. f. Resonance shift vs strepdavidin concentration [42].

in � . Recently, nanoresonators have been employed as optical sensors to sense

and detect target molecules (biological or gaseous) [43{48]. Nanoresonators

are extremely small, compact, precise, inexpensive, and robust. With a wide

range of properties, plasmonics are an ideal choice for creating point-of-care

devices. Here, I will present a work by A. J. Haes, et al. that discusses

three key features of biosensing, such as surface functionalisation, limit of
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detection (LOD), and sensor response (hill curve). As shown in Figure 1.4e,

silver nanoparticles in the shape of a triangle arranged in a symmetric pat-

tern create a localised surface plasmon resonance (LSPR) [42]. The resonant

frequency of LSPR is highly dependent on the local refractive index (RI); an

inherent property as discussed in the Section 1.3. In this work, they detect

streptavidin using the plasmonic nanoparticle, where streptavidin (target

biomarker/molecule) is captured using biotin (bioreceptor) as the interme-

diate layer. In Figure 1.4f, we can observe the hill curve that shows the

resonance shift versus the concentration of streptavidin. Unlike other tech-

niques, optical sensing has a wide sensing range. In this example, they have

measured the concentration of streptavidin as low as 1 pM, also known as

the LOD, which is comparable to other sensing techniques.

Plasmonic metasurfaces provide a great platform for optical sensing.

However, further improvements in sensitivity and performance require that

the plasmonic particles be smaller than the skin depth of the plasmonic ma-

terial [49]. This will contribute to higher losses and will be extremely di�cult

to fabricate. Hence, researchers are replacing plasmonics with dielectric semi-

conductor materials as their fabrication is adaptable to current large-scale

chip manufacturing processes. In addition, the quality factor (Q-factor) of

a resonance is approximately equal to the ratio of a resonant wavelength to

the full-width half maximum (FWHM) of the resonance curve( � / �� ) . The

Q-factor can also be de�ned as,

Q =
!

2 � 

�

! @Re(� m (! ))
@!

2Im (� m (! ))
(1.17)

where! is frequency,
 is decay rate, and� m (! ) is the dielectric function. The

above equation infers that the Q-factor, spectral width
 , and the lifetime

� explicitly depend on the frequency! and the type of metal (permittivity

� m but not on geometrical factors [49]. Because of the inherent properties of

metals, nonradiative losses (absorption) are very high. Losses lead to local

heating that a�ects the sensing performance. Hence, the use of plasmonics

metasurface has reached a bottleneck. Dielectric materials with high RI and

low loss (lossless) are ideal replacements of plasmonic materials.
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1.4 Dielectric nanoparticles

Dielectric materials are poor conductors of an electric �eld, because charges

are bound inside a dielectric medium. When an electromagnetic wave is

incident on a dielectric medium, charges will be polarised and bound inside

the medium. As a result, a time-varying electric �eld E (incident wave)

passes through the material. This generates a displacement currentJD ,

JD =
@D
@t

= � 0� r
@E
@t

+
@P
@t

(1.18)

where � 0; � r are the permittivity of free space and the relative permittivity

of the dielectric medium, respectively. D is the displacement �eld for an

isotropic and homogeneous medium.

The optical properties of a dielectric medium are highly dependent on

the RI n, and they dictate the propagation of light inside the material. RI n

is the square root of the relative permittivity and permeability of a medium

(
p

� r � r ). In optical frequencies most natural materials are non-magnetic, so

we can consider the� r relative permeability to be 1. It simpli�es the equation

to n =
p

� r . For a dielectric medium� r is complex and RI ncan be written

as,

n = n + ik (1.19)

where the real part n describes the phase velocity, andk is loss/gain in a

medium (k > 0 is loss andk < 0 is gain). A medium supports strong dis-

placement currents for higher values ofn. According to Mie Theory, if the

particle size is less than�= 2n (where n is RI of the material) the medium sup-

ports both electric and magnetic resonance, as shown in Figure 1.5. Magnetic

resonance is observed through a strong circulation of displacement currents

inside the medium. Consider a small dielectric disc which is much smaller

than the resonant wavelength; it will support both an electric dipole (ED)

and a magnetic dipole (MD). The resonant frequency of both modes depends

on the geometrical parameters of the disc. The scattered spectrum from a

disc would be the result of both modes as shown in Figure 1.5b.
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