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Popular Science Abstract

Controlling and generating light has always been a goal of humanity, long before anyone under-

stood what light actually was. But it is only ”recently”, during the last few centuries, that we

”shed some light” on the origins of colors, rainbows, the blue sky, and how mirrors and lenses

can reflect and bend the light. For over 200 years, researchers have been studying the interaction

between light and materials, culminating in the recent developments of metasurfaces.

Metasurfaces are new type of very thin artificially designed materials whose surfaces are

composed of tiny structures arranged in a regular array, and that are capable of achieving optical

properties that are beyond those seen in materials found in nature. This patterned surface can

be seen as a mosaic, in which the structures, called meta-atoms, are the individual ceramic

pieces. In a mosaic, the complex arrangement of the pieces is indistinguishable, but when

viewed from a distance the composition reveals a coherent and beautiful image. Metasurfaces

work in a similar way, even if not visible to the naked eye, the tiny meta-atoms on the surface are

what enable researchers to manipulate light with unprecedented control in such a thin device.

In metasurfaces however, the design of the meta-atoms is crucial to achieve the correct

functionality, and to strongly interact with the light that is visible to the human eye, their

dimensions had to be shrunk down to a size hundreds of times smaller than the width of a

human hair. At these scales, each meta-atom can interact with light in a precise and controlled

way, but collective resonant effects where the light interact with the whole patterned surface

are also possible. By carefully designing the geometry and the materials in use, researchers

were able to create devices that focus light without curved lenses, encode images and generate

additional light colors from a laser beam emitting light at only one color.

Many different shapes and geometries have been investigated, but this project will focus on

one design opportunity that has not been explored yet. Instead of building the meta-atoms from

a single material, the meta-atoms studied in this thesis are formed by a core cylindrical pillar of

one material wrapped by a shell of another, forming what is called a core-shell geometry. The

goal is to investigate how this structure affects the way the metasurface interact with light and

this thesis will show how combining two dielectric materials can offer a new degree of freedom

for tuning the optical response. In addition, a second goal is to create a metasurface design

that by exploiting the resonances, it would be capable of generating light at a higher energy

than the incoming laser beam, in a process called harmonic generation.

To achieve these goals, computers helped in simulating the behaviour of the studied meta-

surfaces without the need to create and test each design. Two designs were then chosen to

be fabricated using modern nanotechnology tools and their response, obtained by illuminating

them with light, was measured and compared against the simulations.
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Abstract

Metasurfaces are two-dimensional arrays of sub-wavelength structures often arranged in a peri-

odic lattice. During recent years, metasurfaces have emerged as one of the most promising plat-

forms to shape electromagnetic waves using compact devices, exhibiting extraordinary control

over the light amplitude, polarization and phase. Starting with metallic materials, metasurface

research has shifted toward dielectric-based devices to achieve low losses and enable control of

light in the visible spectrum, with new functionalities emerging from complex resonant effects

within the scatterers. Resonant metasurfaces provide a new platform to engineer the electro-

magnetic response, and the ease of fabrication allowed researchers to explore a variety of new

designs over the years for many different applications, including harmonic generation. While

some materials of choice have been identified for specific applications and spectral ranges, new

approaches based on hybrid material compositions have been lacking and could offer new de-

grees of freedom for tuning the resonances without modifying the scatterers geometry. This

thesis investigates the resonant response of all-dielectric metasurfaces composed of meta-atoms

with a core-shell structure, in which a cylindrical pillar of one material is coated by a shell of a

second material. The scattering and resonant response of single meta-atoms and metasurfaces

having a core-shell geometry are studied using finite element simulations, investigating how

the shell thickness, pillar diameter, height and periodicity affect the resonant behaviour of the

devices. Two metasurfaces are fabricated using electron beam lithography and atomic layer

deposition and are optically characterized using a white light source. In parallel, a metasurface

concept optimised for third hamornic generation is designed to be placed inside a multicell pass

to increase the efficiency of the nonlinear process.

3



Acknowledgements

I would like to thank my supervisor Matias and co-supervisor Cord for their help and guidance.

Over the past year I got to learn a lot of new concepts and methods and their support and

availability made this project an enriching experience.

I also want to thank the PhD students and postdocs in the group, Jeevan, Gustavo, Christo-

pher and Zesen for their immense help both in the cleanroom and with the simulations. I felt

very lucky to work alongside you and learn from you. I also want to thank Chen for his great

help in building and calibrating the interferometer.

I want to thank my family, who made this experience possible and who have always supported

me and believed in me, this achievement is yours too. I want to thank Alice for her love and for

being my greatest motivation, even when things were hard, I am grateful to have had you by my

side, I love you. Thank you to Johannes and Hilya for being the best friends I could have hoped

to find in Lund, I was very lucky to meet you and share this experience with you. Thank you to

Lixuan for the laughs, the talks, the parties and the dinners together, it was wonderful to share

these two years with someone who has the same interests and passions. Thank you to Sara,

Yuhao, Dorota and everyone else in my programme, it was a lot of fun taking classes, struggling

and celebrating together. Last but not least, I want to thank everyone at the Greenhouse for

making this last year incredibly fun, I only wish I had met you sooner. And thank you to all

the people I met here in Lund and to all the teachers who taught me so much over these two

years. Thank you all.

4



Contents

1 Introduction 1

1.1 Objective . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.2 Thesis Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2 Theory 6

2.1 Resonant Metasurfaces . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.2 Mie Resonances . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.2.1 Lattice Resonances . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.3 Nonlinear Optics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.3.1 Second and Third Harmonic Generation . . . . . . . . . . . . . . . . . . . 13

2.3.2 White Light Generation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

3 Methods 16

3.1 Simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

3.1.1 Finite Element Method (FEM) and the Weak Formulation . . . . . . . . 16

3.1.2 Simulations Workflow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

3.1.3 Simulation of the meta-atoms scattering response . . . . . . . . . . . . . . 20

3.1.4 Simulation of the metasurfaces resonant response . . . . . . . . . . . . . . 21

3.2 Fabrication . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

3.3 White Light Spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

4 Results and Discussion 27

4.1 All-dielectric Resonant Metasurfaces . . . . . . . . . . . . . . . . . . . . . . . . . 28

4.1.1 Meta-atoms Scattering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

4.1.2 Geometrical Parameters Study . . . . . . . . . . . . . . . . . . . . . . . . 32

4.2 Metasurfaces for Nonlinear Optics . . . . . . . . . . . . . . . . . . . . . . . . . . 39

4.2.1 TiO2 Resonant Metasurface . . . . . . . . . . . . . . . . . . . . . . . . . . 39

4.2.2 HfO2 Resonant Metasurface . . . . . . . . . . . . . . . . . . . . . . . . . . 41

4.3 Fabrication . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

4.4 Optical Characterization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

5 Conclusions and Outlook 51

References 53



1 INTRODUCTION

1 Introduction

Metamaterials are a class of materials designed to achieve new and unique functionalities that

are not normally found in nature. In fact, the prefix meta comes from the Greek word for

”beyond” to signify the peculiar properties of these artificial materials, which extend beyond

what is possible for conventional materials.

Even though the term metamaterial was first introduced in 1999 by Rodger M. Walser in a

DARPA Workshop, examples of similar unconventional materials can be found in nature, like

the interference effects caused by the structured protein patterns that constitute the wings of

some species of butterfly, as well as in ancient human artefacts like the Lycurgus cup (Fig. 1),

where dichroism is induced by the distribution of gold and silver nanoparticles inside the glass.

(a) (b)

Figure 1: Two metamaterial examples. (a) The interaction between light and the periodic protein

nanostructures in butterfly wings produces vibrant colours. This phenomenon, known as structural coloration,

arises from light interference rather than pigments [1].(b) The Lycurgus cup is made of a type of dichroic glass

which turns green when seen from reflected light to ruby red when backlit. The dichroism is caused by gold and

silver nanoparticles in the glass that scatter light differently depending on the illumination[2].

The structure of a metamaterial is composed by three-dimensional subwavelength building

blocks, often referred to as meta-atoms, that can be tuned and designed to achieve new fasci-

nating optical properties. One of the most prominent and impactful examples is the possibility

to design materials with negative refractive indexes, a concept firstly described mathematically

by Veselago[3] in 1968, and successively demonstrated by Shelby[4] et al. in 2001 using metallic

structures. Metamaterials gained significant momentum in the early 2000s, with a focus on

materials with near-zero refractive index and tunable effective permittivity and permeability.

At that time, the research efforts were pushed by the theoretical prospect of using metamate-

rials to achieve electromagnetic cloaking, however the lack of broadband capabilities has so far

precluded any practical implementation of this technology.

While the initial enthusiasm for metamaterials declined after the first decade of the 21st

century, their 2D counterpart, referred as metasurfaces, started to gain traction. Metasurfaces

consist of 2D arrays of meta-atoms usually placed on a thin substrate. Their planar nature

greatly simplifies the fabrication process, their scalability toward lower working wavelengths

and the integration with compact optical systems. Moreover, metasurfaces have lower losses

compared to metamaterials due to their inherent thin structure[5]. The precursors of this
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1 INTRODUCTION

technology can be dated back to the 1990s, when arrays of resonant metallic microstrips were

introduced in reflectarrays and transmitarrays to shape the phase profile of wavefronts in the

microwave spectrum.[6] Nonetheless, early metasurfaces operated in the mid infrared and relied

on metallic meta-atoms and plasmonic resonances, achieving prominent landmarks like the

demonstration of anomalous refraction, beam steering, flat lensing, perfect absorbance and

holography [7, 8, 9].

However, extending this framework to near-infrared and visible wavelengths required re-

ducing the meta-atom dimensions to the nanoscale in order to remain in the subwavelength

regime, and the field’s rapid expansion since then has been closely linked to the advances in

nanofabrication technology and its wider accessibility.

In the last decade, the research has shifted from metallic metasurfaces to dielectric ones.

This change has been motivated by the numerous advantages that dielectric metasurfaces have

compared to their metallic counterparts, comprising superior efficiency, lower losses, larger

meta-atoms dimensions and multipole resonances in single meta-atoms capabilities[5, 10]. In-

stead of plasmonic resonances, which are governed by the collective oscillations of electrons,

dielectric metasurfaces exploit Mie resonances, a scattering phenomenon first demonstrated by

the homonymous scientist in 1908[11] in which the incident electromagnetic field drives displace-

ment currents inside the dielectric particles, exciting spectrally distinct electric and magnetic

multipolar modes whose interference determines the properties of the scattered light.

Over the years, dielectric metasurfaces have become the preferred platform in the field for

applications in the visible and infrared spectral range, with uses in imaging[12], holography[13],

nonlinear optics [14], ultrafast optics[15] and integrated photonics[16]. A number of dielectric

materials and designs have been tested, with high-index meta-atoms attracting particular inter-

est for applications across the ultraviolet to the infrared spectral range. In particular, Si-based

metasurfaces have been extensively used in the near-infrared due to the low extinction and

high efficiency of silicon in this region, while TiO2-based metasurfaces have become the best

candidate for research in the visible range due to the high refractive index and low exctinction

coefficient of the material[17].

One of the most promising applications for metasurfaces is flat optics. Enabled by the

tunable phase delay imparted by each meta-atoms, the metasurface can precisely shape the

wavefront locally over its flat surface, efficiently focusing the light without the need for curved

lenses or mirrors. Designing the meta-atoms to achieve full-phase coverage is essential to prevent

wavefront aberrations, and while some examples of 2π-phase coverage and polarization control

were achieved by carefully choosing the correct refractive index and height of the meta-atoms,

with the phase delay governed by the accumulated optical path length through the structure[18,

12], new functionalities can arise from exploiting the abrupt phase change that happens when

the incoming radiation interacts with the resonant modes of the meta-atoms. For example, a

2π phase change within a narrow bandwidth is achievable when both the electric and magnetic

dipoles are excited in the structure, causing a π phase shift for each resonance.

Furthermore, by tuning the geometry of the resonant meta-atoms, one could realize a so

called Huygens’ metasurface, in which the interference between the two dipoles is destructive

in the backscattered direction and constructivein the forward direction respectively. An all-

dielectric metasurface of this kind for the NIR frequencies was demonstrated in 2015 for the
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1 INTRODUCTION

first time by Decker et al.[19], where silicon nano-disks with overlapping resonances achieved a

55% transmission efficiency at around 1250 nm.

As in the previous example, resonant metasurfaces can display many exotic resonant phe-

nomena when different modes get excited and interfere, and have become one of the preferable

platform in the nanophotonics field, with new applications and behaviours not achievable by

conventional optics. Dielectric resonant metasurfaces can be fabricated to observe quasi Bound

States in the Continuum (qBIC), Fano resonances, anapole resonances and lattice resonances,

and due to the use of dielectric materials, researchers have been exploring new geometries and

designs that had been precluded by the intrinsic losses in metallic metasurfaces.[10].

In recent years, resonant metasurfaces have been explored as a platform to observe and

drive nonlinear optical effects in thin layers of material. In fact, the high field enhancements

induced by the Mie-type resonances and their interference can be exploited to boost nonlinear

interactions inside the dielectric material at achievable light intensities. Moreover, low losses

and high damage thresholds, dielectric resonant metasurfaces have additional advantages for

harmonic generation, even compared to bulk materials[20]. The most important property of

using dielectric metasurfaces for nonlinear effects is that their thin dimensions allow for relaxed

phase-matching conditions. For example, the coherence length of GaN, one of the materials used

for second harmonic generation (SHG), is in the range of 1-10 µm [21], which is compatible with

most meta-atom’s dimensions in the literature. The reduced thicknesses of the metasurfaces de-

crease the nonlinear efficiency, but the field enhancement caused by the resonances can partially

compensate for this loss.

SHG is a nonlinear effect governed by the χ(2) susceptibilty tensor, which vanishes in ma-

terials having centrosymmetric structures due to the electric field and polarization opposite

parities. For this reason, only non-centrosymmetric crystals, where this material symmetry is

broken, can have χ(2) ̸= 0. Many different non-centrosymmetric crystals have been explored for

fabricating metasurfaces to work in the nonlinear regime, including SiC, ZnO, GaN, LiNbO3,

with high emphasis on III − V semiconductors such as GaAs and AlGaAs due to their high

second-order nonlinear coefficient, which could increase the SHG efficiency by 104 compared to

an unstructured material film [22].

For third harmonic generation (THG) instead, the missing non-centrosymmetric require-

ment enables a wide choice of possible materials, but the wide availabilty of nano-processing

technologies and techniques for Si and its high third-order nonlinear susceptibility χ(3) has made

silicon the material of choice for THG metasurfaces research. BICs and Fano resonances can

be exploited to achieve high field enhancements and Q-factors, with the choice of material and

geometrical parameters dictating the resonance spectral locations.

The main downside of nonlinear metasurfaces is that by exploiting such narrow resonances,

their broadband capabilities are inherently limited, and high field enhancement is generally

achieved by exploiting non-locality, making the resonances dependent on more parameters such

as the light polarization and its angle of incidence. Recent advances have begun to address these

trade-offs through both material and geometric strategies. Incorporating monolayer materials

such as WSe2 on top of the metasurface has proven effective in boosting SHG while also exploit-

ing the angular dependence of BICs[23], whereas carefully engineered geometries can favor local

resonances whose response remains largely insensitive to polarization and angle of incidence[14].
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1 INTRODUCTION

All-dielectric resonant metasurfaces have been established as a flexible and promising frame-

work to control multiple properties of light as shown in the examples above. Due to their

inherent functionality, resonant metasurfaces are generally designed to work with a narrower

bandwidth compared to their non-resonant equivalents, even if some more complex designs can

relax this constraint[24]. Furthermore, reducing meta-atom dimensions to the quantum scale

may unlock new resonant phenomena and electromagnetic wave control[25].

Nonetheless, new approaches to control and study the resonant response of metasurfaces by

implementing more than one dielectric material in the meta-atom structure have been lacking.

Enabled by modern fabrication techniques, the creation of hybrid dielectric meta-atoms could

pave a new way to tune the resonances and increase the confinement of the electromagnetic fields

inside the meta-atoms. Borrowing an established definition from the nanoparticle research, such

structures can be realized, as illustrated in Fig. 2, in a core-shell geometry, where a dielectric

pillar of one material is coated by a shell made of a second dielectric, offering a new degree of

freedom in metasurface design to tune the resonant modes without affecting the geometry or

the periodicity.

In addition, given the advantages that metasurfaces have over bulk material in harmonic

generation, new designs and platforms are needed to expand the research on increasing the

nonlinear efficiencies obtained through the use of metasurfaces as the interaction medium. For

example, recent advances have shown that the integration of metasurfaces with a multipass cell

can enhance the nonlinear response by an order of magnitude[26].

Figure 2: Illustration of example core-shell metasurface composed of meta-atom pillars

having a TiO2 core and an HfO2 shell.

1.1 Objective

This thesis pursues two main goals. The first goal is to investigate and study the resonant

response of dielectric metasurfaces, comparing single-material and core-shell meta-atom designs

to understand how the introduction of the core-shell structure affects the resonant behaviour

of the devices. The second goal of this thesis is to design a dielectric resonant metasurface

optimised for third harmonic generation and intended to be integrated within a multi-pass cell

configuration to increase the THG efficiency.
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1 INTRODUCTION

1.2 Thesis Outline

First, Chapter 2 will introduce the theory underlying this thesis, including a general classifi-

cation for metasurfaces, a brief introduction of Mie theory and the resonant modes supported

by dielectric meta-atoms, including how these can interfere with each other to produce new

fascinating resonant features. This chapter will conclude with an overview of the nonlinear

optical effects pertinent to the thesis. Afterwards, Chapter 3 will describe the numerical, fab-

rication and optical characterisation methods employed throughout the thesis, including the

electromagnetic simulation framework used to model the meta-atom and metasurface response,

the fabrication processes involved to realise the metasurfaces and a description of how the spec-

troscopy setup was implemented in order to characterize the resonant response of the fabricated

metasurfaces. Finally, Chapter 4 will present the simulation results for both single-material and

core-shell meta-atom and different metasurface designs, with emphasis on how the core-shell ge-

ometry affects the resonant behaviour, together with the design and simulation process that was

done to create a metasurface concept intended for third harmonic generation inside a multi-pass

cell. This final chapter also includes the fabrication outcomes of the two metasurfaces realized

at Lund NanoLab, as well as the results from their optical characterization, performed at the

Atomic Physics Division, and achieved by using a white light spectroscopy setup.
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2 THEORY

2 Theory

In this chapter, the theoretical background relevant to this thesis is introduced. Starting from

a general classification of metasurfaces, the discussion will then cover how the geometry and

the choice of material can generate to resonant effects in all-dielectric metasurfaces and how the

interference between those resonances can give rise to interesting optical phenomena. The last

part will focus on nonlinear optics, including second and third harmonic generation and white

light generation.

2.1 Resonant Metasurfaces

The term metasurface has been applied to a variety of devices with many different applications,

and it is possible to find examples of this technology in the literature that don’t necessarily

fit the definition that has been given in this thesis for what a metasurface is. Nevertheless, to

better understand the scope of this thesis, a classification for metasurfaces readapted from [27,

28] will be introduced here.

Depending on the operational wavelength λ and the periodicity Λ of the meta-atoms, one

can distinguish three main regions in which any metasurface could be placed, depending on the

parameter Λ/λ. This first classification based on the geometrical parameters is depicted in Fig.

3.

Figure 3: Metasurfaces classification based on geometrical parameters.

• Region 1 - Effective Media: In this region, the operational wavelength is much larger

than the separation between the meta-atoms and the meta-atoms themselves. The scat-

terers could be seen like atoms or molecules in a generic material, inducing permanent

dipole moments that could be designed to create an artificial composite material. The

metasurfaces in this region can be approximated as effective media with homogeneous

material properties obtained from quasi-static solutions applied to the periodic structure.

Many different types of formulas can be found in the literature to model the effective
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2 THEORY

material parameters of this kind of metasurfaces[29, 30], but all of them share the use of

approximations valid when λ >> Λ.

• Region 2 - Resonant Metasurfaces: Here, the meta-atom dimensions become com-

parable to the operational wavelength, and the structure is designed to support and excite

specific multipolar resonances. In this region λ > Λ, and it is where the literature most

commonly refers to devices by using the term metasurfaces. For these materials, the per-

mittivity and the permeability can be considered as effective properties and wavelength

dependent due to the resonant response of the scatterers. Additionally, the collective

response of the resonators periodically arranged on the surface can give rise to further

resonant phenomena, known as lattice resonances.

• Region 3 - Metagratings: The devices in this region act as gratings, but with ad-

ditional properties that arise from the resonant response induced by the geometry of the

scatterers. In this regime, the meta-atoms are larger than the operational wavelength and

Λ ≈ λ or higher. The purpose of these devices is to control the higher diffraction orders.

Many different concepts have been realized, achieving high efficiency beam steering at

large angles and anomalous reflection[31].

The metasurfaces studied in this thesis will be mainly designed to be in the second region,

where the spacing between meta-atoms, together with their geometry, governs the resonant

response. Choosing the correct geometry though, is not the only critical parameter to tune the

resonant response, the fundamental electromagnetic properties of the metasurfaces are decided

by the building material. In fact, metallic-based metasurfaces possess intrinsic thermal loss,

which can limit their performance and flexibility.

On the other hand, dielectric metasurfaces have been able to replicate many of the opera-

tions achievable by their metallic counterpart, but with lower losses. All-dielectric metasurfaces

can simultaneously excite different electric and magnetic multipoles within a single meta-atom,

a feature that is difficult to replicate in metallic structures and only achievable with low effi-

ciencies[32].

Two other main groups of metasurfaces can be distinguished based on the scattering response

of the meta-atoms: non-local and local. If the scattering at any surface location is independent

of the fields or resonator response located at a different position, the metasurfaces can be defined

as local. The meta-atom response can be approximately considered fixed for a given incoming

field, even when the surrounding field or scatterers have changed. The narrow locality of the

response in the real space leads to a broad response in the reciprocal space, for this reason

the so called local metasurfaces have a broader bandwidth and the response can be considered

approximately independent from parameters such as the light’s angle of incidence[14].

On the other hand, in a non-local metasurface the scattering response of a meta-atom

depends on the fields and the meta-atoms close by, and due to this scattering extended reach

in real space, the response in the reciprocal space is narrow, giving rise to sharp resonances

with high Q-factors and high dependence on the light angle of incidence. It should be noted

that the boundary between these two categories is not strict: local metasurfaces represent

simply a limiting approximation of the more general non-local description, and all metasurfaces
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exist along a continuum of nonlocality, where the local extreme would be represented by a

metasurface that acts like an effective medium, while the non-local extreme can be represented

by a low contrast grating, i.e. a grating with shallow corrugations and small refractive index

contrast with its surroundings.

In general, non-locality is associated with high Q-factors due to the narrow bandwidth of

the resonances, while local metasurfaces have a more broadband response. It is then possible to

use the degree of non-locality as an additional parameter for classifying resonant metasurfaces

and metagratings. A conceptual map that includes geometrical parameters classification and

non-locality can be reconstructed as in Fig. 4.

It is important to note that this classification is used in this thesis to better visualise the

results, the designs and the scope of the thesis, but as of today, the term metasurface is used

in a broad spectrum of devices, and it is possible to find in the literature classifications that

diverge significantly from the one shown in Fig. 4 [28].

Figure 4: Metasurface and metagratings classification based on Q factor and ratio between the periodicity of

the lattice Λ and the operating wavelength λ. Non-local metasurfaces are associated with high Q-factors, while

Λ ≈ λ indicates the separation between metasurfaces and metagratings. (a) Metasurfaces with a low Q-factor

can be used for image differentiation[33]. (b) Metasurfaces with high Q-factors can enhance the efficiency of

third-harmonic generation due to their strong field enhancement within the structure[20]. (c) Metagratings can

support anomalous reflection, in which light is reflected at non-specular angles, violating Snell’s law[34]. (d)

Metagratings with broken-symmetry structures can exhibit high Q-factors that enable control over the

efficiency of higher diffraction orders[35].
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2 THEORY

2.2 Mie Resonances

The meta-atoms that compose an all-dielectric metasurface need to be carefully arranged and

designed to achieve the desired electromagnetic control over the incoming light. The scattering

response is governed by Mie-type resonances that can be excited depending on the geometrical

parameters and choice of materials.

For a resonant metasurface, the meta-atoms’ dimensions need to be comparable to the oper-

ational wavelength and using high refractive index material for the fabrication is the preferred

choice due to the better confinement and coupling with the incoming electromagnetic field.

In fact, following Mie theory for scattering, the first resonance to appear in a dielectric sphere

is the magnetic dipole, which can be excited when

D ≈ λ0
n

(1)

where D is the diameter of the sphere, λ0 is the operational wavelength in vacuum and n is the

refractive index of the sphere[36]. This law holds approximately regardless of the meta-atom

geometry, and it sets a lower limit on the scatterer size when designing a resonant metasurface,

making high refractive index materials particularly desirable, as they allow resonances to be

excited within more compact structures.

In his paper, Gustav Mie found the solution for the scattering of a plane wave of any

wavelength by a sphere of any size[11]. He found that the total scattering cross-section of the

particle was in the form of an infinite series that can be expressed as[37]:

σM =
2π

k2

∞∑
n=1

(2n+ 1)(|an|2 + |bn|2) (2)

where k = 2πn/λ0, and the coefficients an and bn are expressed in terms of spherical Hankel and

Bessel functions of the first kind, and respectively represent the contribution from the magnetic

and electric multipoles[36]. Even if Mie scattering gives an exact solution only for spherical par-

ticles, the term has been used in the field of nanophotonics to indicate the scattering mechanism

and the resonances that only depend on the dielectric permittivity ϵ and geometrical parameter

described in eq.1 [38]. The electric resonant response arises from the charge displacement that

happens when the incoming light couples efficiently in one of the electric multipoles, while the

magnetic response is the result of circulating displacement currents of the electric field. These

magnetic resonances can be excited in non-magnetic dielectrics because high refractive index

materials induce significant phase retardation and field penetration, allowing the electric field to

form the closed loops required for generating magnetic dipole moments. The radiation patterns

of the lowest-order resonant modes are shown in Fig. 5.

Different shapes and geometries of dielectric meta-atoms are possible, and by tuning these

parameters, the resonant response of the metasurface can be tuned to overlap the magnetic and

electric multipoles excitations. This spectral overlapping can lead to interference or coupling

between a few or several multipole modes, giving rise to more complex resonant features and

more degrees of freedom to manipulate the incoming light properties. The main scattering

phenomena observed in dielectric metasurfaces will be explained below.
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Figure 5: Electric and Magnetic field distributions and radiation patterns for the four lowest-order Mie resonant

modes inside a sphere.

Kerker Effect

The dielectric metasurfaces’ capability of simultaneously supporting electric and magnetic multi-

poles resonances enables strong directional scattering of the incoming light. In fact, by using the

formulation of Mie theory in eq. 2, it was demonstrated that when a1 = b1, which corresponds

to the electric and magnetic dipoles, the metasurface could exhibit no backward scattering.

This holds true provided that the higher-order coefficients are small enough to be ignored[39].

This condition, known as the first Kerker condition, requires the two dipoles to oscillate in

phase at the origin. On the other hand, when a1 = −b1, and there is a ±π phase shift between

the interfering dipoles, destructive interference will happen in the forward direction. This is

referred to as the second Kerker condition, and it results in suppression of forward scattering.

Each dipole can impart a maximum π phase shift to the incoming light by supporting both in

the same structure. Full phase control can be achieved with close to unity transmission when

the first Kerker condition is satisfied. This property has enabled the design of so-called Huygens

Metasurfaces, in which each scatterer acts as a Huygens source, but radiating in the forward

direction only. Before the arrival of dielectric resonant metasurfaces, this concept had been first

tested by using plasmonics, but the inherent losses and the lack of full-phase coverage limited

the capabilities of these devices[40].

Fano Resonances

Other scattering phenomena that appear when different multipoles are simultaneously excited

are Fano resonances. This type of resonances are due to the interference of a broad and narrow

resonance in the same physical system, and as such, they appear across a wide range of plat-

forms ranging from photonic crystals and plasmonic structures to atomic and molecular physics

and superconductors. In metasurfaces, their appearance originates from Mie scattering where a

narrow resonance such as those supported by electric or magnetic quadrupoles, interferes with

a spectrally broader one, which is typically a dipole resonance. The scattering cross section for

10



2 THEORY

a Fano resonance has a characteristic asymmetric lineshape described by the formula[10]:

σ(E) = D2 (q +Ω)2

1 + Ω2
(3)

where q is the Fano parameter, Ω = 2(E−E0)
Γ , Γ is the resonance width and E0 is the resonance

energy. The formula is not limited to the description of the scattering cross section, but can

also be used to describe the transmission, absorption or reflection spectra. A Fano resonance

can be modelled by two coupled driven oscillators with different damping rates[41]. While the

undamped oscillator imparts a π phase shift at the resonance, the phase of the strongly damped

oscillator varies slowly, resulting in the typical asymmetric shape shown in Fig. 6

Figure 6: Scattering cross section with an asymmetric Fano shape.

Bound States in the Continuum

Bound States in the Continuum (BICs) are resonances associated with very high Q-factors.

These states were first mathematically discovered in 1929 in the field of quantum mechanics[42],

but they are a phenomenon emerging from the wave description of physical systems, and as such,

they can be found in acoustics, fluid dynamics and photonics. They are an exception to the

most common situation, in which a resonant system coupled to external continuous states will

inevitably lose its energy over time by radiating into a number of these states. In a BIC,

the energy is completely spatially localized in the resonator, even if the system could support

propagation through the continuous modes[43]. BICs can be found in many physical systems

because they originate from destructive wave interference. In metasurfaces for example, the

periodicity of the structure allows the coupling of the modes to the continuum, typically turning

them into leaky resonances. At the same time however, the patterned surface causes light to

backscatter. If the metasurface is highly symmetric, specific resonant mode symmetries could

originate and interfere destructively or constructively. In a so called symmetry protected BIC,

the mode’s profile causes the destructive interference of light, creating non-leaky resonance that

is incompatible with the radiation channel symmetry, effectively trapping the light. At nonzero

wavevectors, i.e. at oblique incidence of light, coupling to the radiation channel can disappear

when the multipole profiles of the mode destructively interfere. This type of BICs, called

accidental BICs, are not guaranteed by symmetry alone like in the previous case, but require fine
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tuning of the meta-atoms geometric parameters. Pure BICs exist only as mathematical objects

with infinite Q-factors. Nevertheless, they manifest in the real world as quasi-BICs, which are

leaky resonant modes obtained by breaking the structural symmetry of the metasurfaces or by

tuning the geometrical parameters. Despite the leakage to the continuum, quasi-BICs posses

high Q-factors and can achieve significant field enhancement inside the scatterers. Originating

from the same interference mechanism between broad and sharp modes, Quasi-BICs are a type

of Fano resonance, and as such they manifest themselves in the far-field spectrum as Fano

lineshapes with high Q-factors.

Figure 7: A particle inside a potential well can be described by a set of localized states with discrete energies

and propagating waves with continuous energy values. A resonant state necessarily includes components lying

within the continuum, letting the state propagate outside the well and exhibit a nonzero spectral linewidth. A

BIC behaves like a state with discrete energies residing within the continuum, with the non-leaking and

localized state resulting from the destructive interference between the continuum components.

Illustration adapted from[43].

2.2.1 Lattice Resonances

Lattice resonances arise from the collective resonant response in the individual meta-atoms

and are therefore inherently nonlocal in nature. In particular, it is possible to distinguish

one class of these resonances called surface lattice resonances (SLRs). They originate from

the enhanced coupling between the individual meta-atoms’ resonances that happens when the

diffraction orders propagate along the metasurface. These diffraction orders begin to propagate

on the surface when they switch from being evanescent waves to grazing waves, a condition

known as Rayleigh Anomaly, occuring when Λ ≈ λ. These types of in-plane diffraction orders

allow the meta-atoms to ”connect” with their neighbours over the length of the metasurfaces[44],

generating collective resonant effects. The wavelength λRA at which a Rayleigh anomaly appears

depends on the refractive index of the embedding medium and the substrate in use. In Ref.

[45] for example, it is discussed how a metasurface with a periodicity of 485 nm produces an

RA at 613 nm due to the use of silica as the embedding medium.
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2.3 Nonlinear Optics

The direct interaction between photons are intrinsically weak, but already after the invention

of the first laser in 1960, it became clear that photon-photon interactions could emerge for

sufficiently high light intensity. Usually, when light is incident on a material, the collective

motion of electrons radiate light that scales linearly with the incoming radiation, but when the

incident field amplitude is large enough, the polarization density P⃗ of the material starts to

become non-parallel to the electric field. Under these conditions, the optical response of the

material becomes intensity dependent and nonlinear with respect to the incoming field.

A variety of new and fascinating optical effects are possible in the field of nonlinear optics,

all sharing the common feature that the nonlinearity emerge as light interaction mediated by

the materials in use. This section focuses on the nonlinear interactions most relevant to the

present work, along with a brief overview of recent achievements in the field of metasurfaces in

nonlinear optics.

2.3.1 Second and Third Harmonic Generation

When considering a linear dielectric material, the medium polarization P relation to the applied

electric field E can be expressed as:

P = ϵ0χ
(1)E (4)

Where χ(1) is the linear susceptibility of the material. However, this linear behaviour is just

an approximation, as demonstrated by Peter Franken in 1961 [46], and a better formulation of

equation 4 can be written by expanding the function in a Taylor series:

P = ϵ0(χ
(1)E + χ(2)E2 + χ(1)Eχ(3)E3 + ...) (5)

This non-linear interaction generates new frequencies in the scattered optical field. For exam-

ple, if an input wave with an electric field E ∝ exp[iωt] enters the medium, a second order

polarization component P (2) ∝ χ(2)exp[−2iωt] will be generated, oscillating with a doubled

frequency.

Nevertheless, while second-order nonlinear interaction can still be observed at low intensities,

it starts to be significant when the input electric field approaches the typical intra-atomic field

strength of 1011 V/m, which is within reach of laser sources, and occurs only when anisotropic

media are used, i.e. media with χ(2) ̸= 0[47].

Eq.5 shows that the P also posses a term oscillating at 3ω, in this case the medium responds

to the optical field by generating light at a tripled frequency.

These processes can be viewed as an interaction between two or three photons respectively,

in which the annihilation of incoming photons oscillating at the fundamental frequency ω1

generates a photon with a frequency ω2, which is double or triple ω1. These newly generated

fields oscillating at multiples of the fundamental frequency are called harmonics, and the two

processes described earlier are consequently named second and third harmonic generation or

SHG and THG.

Nonetheless, the generation of these new frequencies can only happen when certain condi-

tions are met. Using the photon picture and considering the SHG process, the input and output
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photons must follow the energy conservation law:

h̄ω1 + h̄ω1 = h̄ω2 (6)

as well as the momentum conservation law:

h̄k⃗1 + h̄k⃗1 = h̄k⃗2 (7)

Eq.7 is referred to as Phase Matching Condition and in the wave picture it describes the match-

ing between the wavefronts of the frequencies involved. It is possible to demonstrate that when

the quantity ∆k = k1 + k1 − k3 = 0, the generated wave can receive energy from the incom-

ing waves with the highest efficiency [48]. For a collinear process, eq.7 translates into a scalar

equation:
n1ω1

c0
+
n1ω1

c0
=
n2ω2

c0
(8)

That would be impossible to solve due to the different refractive indices that the material

exhibits due to dispersion. Because of this, second-order nonlinear optical effects are usually

generated by the use of anisotropic media, where the refractive index have different values

depending on which axis the polarization of the incoming light is oriented. By tuning the light

incident angle at the medium and the light polarization, it is then possible to satisfy eq. 8,

obtaining n1 = n2.

Nevertheless, a slight phase-mismatch ∆k is still possible, which corresponds to a maximum

length called coherence length, in which the nonlinear processes are still efficient[48]:

Lc = 2π/|∆k| (9)

In general, nonlinear phenomena are subject to symmetry requirements, imposing a physical

limit on the type of materials that can be used. For example, centrosymmetric materials possess

inversion symmetry and the material’s optical properties are not altered by a transformation

r → −r, it is evident from eq.5 that the odd symmetry of P is not respected by the parity of

E2. Because of this, in centrosymmetric and amorphous materials χ(2) = 0, leaving the third

order as the lowest permitted nonlinear contribution.

While being weaker, third order nonlinear effects are not bound by this constraint because

the odd symmetry is respected for both P and E, and can be observed in virtually every

material.

2.3.2 White Light Generation

Another important non-linear phenomenon that will be used to measure the resonant response of

the metasurfaces is White Light Generation. It consists of the broadening of the pulse spectrum

into a white light continuum, known as supercontinuum [49].

Light propagating inside a Kerr medium, i.e. a medium with χ(3) exhibiting a third-order

nonlinear response, will be subjected to a different refractive index depending on its local

intensity. In particular, a Kerr medium is characterized by a refractive index n = n0 + n2I

with n0 being the linear refractive index, n2 the non-linear refractive index and I being the

intensity[48].
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This effect can give rise to self-phase modulation(SPM), in which light propagating inside a

third-order non-linear medium undergoes a phase shift ∆φ defined as [48]:

∆φ(t) = −2n2
L

λ0A
P (t) (10)

Where P (t) is the optical power, A is the cross-sectional area and L is the distance.

The introduced time-dependent phase causes a variation of the instantaneous pulse frequency

ω(t), defined as [50]:

ω(t) = ω0 +∆ω(t) (11)

with:

∆ω(t) =
d∆φ(t)

dt
(12)

If self-phase modulation happens to be very strong, ∆ω could exceed the original spectral width

of the pulse, generating light with a wide spectrum.
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3 Methods

The methods employed in this thesis to design, fabricate and characterize the dielectric resonant

metasurfaces will be described in this chapter. The first part will present the finite element

method (FEM), its implementation in COMSOL and the simulation methodology adopted to

study the meta-atom scattering response and the metasurface resonances. The second part

will cover the fabrication processes that were involved in fabricating the metasurfaces from the

substrate to the final device. The third part will illustrate the white light spectroscopy setup

used to characterize the fabricated metasurfaces.

3.1 Simulations

This section describes the main workflow for performing simulations in COMSOL using theWave

Optics module. The first subsection will briefly explain the finite element method, while the

second part covers the general setup that is common to all simulations performed in this thesis,

including the definition of the geometry, material properties and meshing. The third subsection

focuses more on the meta-atom simulations used to identify the supported Mie resonances in a

single scatterer, with a brief discussion on the multipole decomposition. The final subsection

describes the metasurface simulations where periodic boundary conditions are used to compute

the transmission, reflection and phase response of the infinite array of meta-atoms.

3.1.1 Finite Element Method (FEM) and the Weak Formulation

COMSOL Multiphysics was used to simulate the electromagnetic response of the structures.

Based on the FEM as its core numerical framework, COMSOL is a general-purpose finite element

analysis (FEA) simulation software. Here, a brief overview of the FEM will be given, with

particular emphasis on its application for electromagnetic simulations.

The laws of physics are usually expressed in terms of partial differential equations (PDEs),

for this reason multiphysics simulations software like COMSOL, can be viewed as solvers of

approximated PDEs. The approximated equations are needed because for the majority of

problems, the PDEs cannot be solved analytically, and numerical models need to be used. The

purpose of FEM is to transform the equations into numerical equations and compute their

solutions to reach an approximated result of the corresponding PDEs.

To modify a PDE to be a numerical equation the so called weak formulation is employed,

which turns the differential formulation into an integral equation. For example, considering the

Laplace equation for electrostatics in 1D

d

dx
(
dV

dx
) = 0 (13)

the solution to this equation gives the value of the potential V at the x locations within the

domain. Ultimately, because the electric field E(x) = −dV
dx , the desired equation to solve is:

dE

dx
= 0 (14)
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Both these two equations are not numerically solvable for every geometry or situation. To solve

them numerically, one has to transform them into integral equations. Considering a domain

restricted between 0 and 1 for example, the value of eq. 14 at x = 0.5 can be approximated by:∫ 0.51

0.49

dE

dx
dx (15)

By extending this idea to every domain location, one can restore the solution of the PDE by

solving a series of equations like eq. 15. This sampling of the function can be done by using a

set of so called test functions T (x) that are not negligible only for a narrow range as illustrated

in Fig.8: ∫ 1

0

dE

dx
T (x)dx = 0 (16)

This integration step is then followed by integration by parts to reduce the order of differentia-

tion: ∫ 1

0
E(x)

dT

dx
dx = +E(1)T (1)− E(0)T (0) (17)

With the boundary conditions on the right hand of the equations being unique for every problem.

To obtain a good approximation of the solution, one has to solve the weak equation for a finite

number of test functions, resulting in a finite number of equations to solve.

Figure 8: Schematic of the weak formulation principle. A derivative is multiplied by a localized test function

T(x), effectively sampling the function over a subdomain.

A simulation study in COMSOL requires the user to divide the geometry of the problem

into smaller elements, in a practice called meshing. The test functions on each element, often

polynomials, can then be defined such that they are non-zero only for a small group of neigh-

bours. Meshing ultimately decides how refined the simulation will be, a finer mesh will produce

a more accurate solution due to more test functions involved. COMSOL uses the so called Ritz-

Galerkin method[51] to obtain an approximated solution to the problem that is represented by

a superposition of all the test functions used for the simulation.

In synthesis, FEM approximate the function E(x) using a linear combination of simpler

functions ψi(x) such that:

E(x) ≈
∑
i

ciψi(x) (18)
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where ci indicate the weight coefficients of ψi. The illustration in Fig. 9 depicts an example of

this approximation method.

Figure 9: Schematic of the approximation method employed by the FEM. The function is approximated as a

linear combination of simple functions ψi.

The 1D example discussed here is simple, but the procedure and the idea behind the FEM

stays the same even for higher dimensions equations.

For electromagnetics simulations, COMSOL solves the Maxwell’s equations in 3D under the

assumption that the fields vary sinusoidally at ω = 2πf , and that the material’s properties are

linear with respect to the field:

∇× (µ−1∇× E⃗)− ω2

c20
(ϵr −

iσ

ωϵ0
)E⃗ = 0 (19)

The solution of this equation returns the electric field profile E⃗(x, y, z) through the domain.

The other important quantities such as magnetic field, power, current ecc. can all be derived

from the solution for the electric field.

The great advantage of FEM is that it is possible to choose the amount of discretisation

for the domain and the shape of the test functions. In fact, while PDEs like eq.19 can become

an issue for non-smooth surfaces, gradients or physical effects, the weak formulation transforms

the equations into integrals, which can then be calculated over the mesh elements.

3.1.2 Simulations Workflow

To simulate the electromagnetic response of objects, COMSOL has a built-in editor where

simple shapes and geometries can be initialized to define the simulation volume. For this thesis,

the two main geometrical shapes will be cylinders, for the creation of the meta-atom pillars,

and rectangular blocks, to define the air column in which the pillars are located. Usually,
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all geometrical dimensions, like the pillar’s diameter and height for example, are defined as

global parameters instead of fixed values in the geometry tab. This allows parametric sweeps

over these quantities automatically during the simulation, instead of modifying the geometry

manually every time.

After setting up the geometry with the correct parameters, each object needs to be assigned

to a material. While it is possible to create and customise a material manually, COMSOL offers

several built-in material data sets for dielectric materials, so the simulations performed in this

thesis will be mainly based on existing data. Each material properties of interest for the chosen

module are listed under the Material Contents section, and can be modified if needed. These

material properties allow COMSOL to obtain the parameters to numerically solve the PDEs

through the FEM method.

When all the objects and their materials are defined, the next step is to define the physics.

For metasurface and meta-atoms simulations, the Electromagnetic Waves, frequency domain

interface was used throughout the thesis. Defining the physics means assigning each object

to mathematical equations dependent on the type of simulation to be performed. Within this

interface, it is possible to initialize the source type, the polarization and the angle of incidence

of the incoming light. In this work, a plane wave was used as the excitation source with normal

incidence and linear polarization in the x-direction. Additionally, the interface allows to specify

the boundary conditions applied to every object in the simulation domain, which determines

how the electromagnetic fields behave at the edges of each volume.

In this thesis, every component in the simulation domain was assigned to eq.19 except for

particular regions called Perfectly Matched Layers or PMLs. PMLs are artificial regions placed

at the boundaries of the simulation domain designed to absorb the incoming light with minimum

reflections. PMLs gradually attenuate the fields making the transition from the physical domain

to the boundary reflectionless regardless of the incoming wave type. Without PMLs the light

would reflect back into the physical domain, invalidating all simulation results.

As previously mentioned, the FEM method divides the simulation region by using polygons

in a practice called meshing. COMSOL offers great customizability over the mesh size, but

it can also automatically choose the proper mesh depending on a geometric analysis of the

components and the physics interface in use. Using this feature, COMSOL offers 9 different

choices of element sizes, from extremely fine to extremely coarse. While the mesh size needs

to be small enough to accurately solve the field variations at curved interfaces, meshing greatly

affects the computational time, for this reason, the simulations performed in this thesis used a

mesh of only fine or finer element sizes to achieve a good compromise between accuracy and

speed. A good rule of thumb is to choose a mesh with elements having a maximum size of a

fraction of λ/n inside each material, which means that the high-index pillars require a finer

mesh compared to air or the substrate for example.

The final procedure after meshing is to run the simulation. In this step, a wavelength

sweep could be implemented, together with a parametric sweep, where one or more parameters

like the pillar’s radius and height can be modified continuously to observe the changes in the

electromagnetic response. The solver computes the fields at each wavelength independently, and

the results are then post-processed to extract transmission, phase shift and reflection spectra

as well as other relevant information.
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All the simulations were performed using the LUNARC High-Performance-Computing (HPC)

center provided by Lund University, running on a single node of two AMD EPYC 7413 Milan

CPUs with 24 cores each and with an available memory of 257 GB. LUNARC uses the Simple

Linux Utility for Resource Management (SLURM) to manage the programs that need to be

executed. For this reason a SLURM file, containing the instructions and requirements needed

to perform the COMSOL simulations on the HPC cluster, was created and run for each simu-

lation. The output files containing the results were then transferred from the HPC to the local

computer using the file manager WinSCP.

3.1.3 Simulation of the meta-atoms scattering response

To simulate the scattering response of single meta-atoms and observe which Mie-resonances

are supported within the pillars, the simulations were performed using a single element sur-

rounded by air and a PML layer. In the Electromagnetic Waves, frequency domain settings the

formulation was changed from full-field to scattered field, which means that solving eq.19 for

Etot = Eb + Erelative where Eb is known and representing the background source term, even-

tually return the solution for Erelative, which indicates the scattered field from the meta-atom.

COMSOL lets the user choose the background wave type as well as the polarization and the

amplitude. A cross section calculation was also added to the domain by selecting the meta-atom

pillar.

The simulation domain for the single meta-atom study consisted of three concentric struc-

tures: the pillar, an air sphere with a 900 nm radius to let the electric field propagate for a

distance of at least one complete wavelength, and a surrounding PML layer 900 nm thick to

absorb the scattered radiation. The mesh was set to fine. The source consisted of an x polarized

plane wave having a 1 V/m amplitude and with a spectrum ranging from 400 nm to 900 nm.

A snapshot of the simulation domain from COMSOL is shown in Fig. 10.

While the simulation results gave information about the field distributions inside the pillar

and the total scattering cross section, the contribution of each resonant mode could not be

obtained by only using COMSOL. In fact, commercially available software for simulating elec-

tromagnetic phenomena, including COMSOL, don’t provide a straightforward built-in method

to achieve this decomposition. For this reason, a method called multipole decomposition or

multipole expansion was performed by post-processing the results from the simulations.

The multipole expansion is based on the decomposition of the radiation emitted from arbi-

trary charge and current distributions into contributions from each multipole order. Fundamen-

tally, it is the same procedure as seen in eq. 2 for the Mie-theory of scattering, but while Mie

exploited the spherical symmetry of the problem to find an analytical solution, the multipole

expansion is more general and can be applied to arbitrary source distributions [52].

In this thesis, the multipole expansion was performed through an open-source MATLAB

code called Multipole Expansion for NanoPhotonics (MENP), which is available and described

in [53]. MENP calculates the induced current density distributions J⃗(r⃗), obtained from the

electric field distributions E⃗(r⃗) by using the expression:

J⃗(r⃗) = −iωϵ0(n2 − 1)E⃗(r⃗) (20)
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Figure 10: Simulation domain for studying the scattering response of meta-atom pillars in COMSOL.

The current density is then used to calculate the multipole moments and their relative scattering

cross section up to the quadrupole order. In order to do these calculations, the method required

as inputs two 4D matrices: the electric field distribution E⃗(x, y, z, λ) and the refractive index

distribution n(x, y, z, λ). For every parameter change, both data were exported after completing

the simulation, transformed into a MATLAB file and used to compute the total scattering cross

section and each multipole contribution.

3.1.4 Simulation of the metasurfaces resonant response

Following the single meta-atom study, the focus was placed on simulating the resonant response

of metasurfaces. Since the release of COMSOL 6.3, the method to simulate periodic structures

like metasurfaces has been greatly simplified. The modelling requires the definition of a unit

cell that will then be infinitely repeated in two dimensions, with each pair of parallel boundaries

getting assigned to Floquet Periodic conditions as boundary conditions. Version 6.3 introduced

the Periodic structure node to the Wave Optics module, which can be assigned to the objects

that compose the unit cell. This selection automatically adds the required excitation and

output ports, which indicate the interface at which the incoming light is inserted and absorbed,

respectively. Additionally, it is possible to choose the incoming wave type from the port settings,

as well as its polarization, angle of incidence and azimuthal angle.

The metasurface studies were carried out by embedding the pillars in a 2.5 µm tall air do-

main, bounded at the top and bottom by PML layers to ensure that no reflected light from

the ports could reflect back into the simulation domain. The structures developed along the

z direction, which correspond to the propagation direction of the source. The excitation port

was placed at the bottom of the air domain, at the interface with the lower PML. Periodic

boundary conditions were automatically applied to the lateral faces of the simulation domain

to replicate the metasurface periodicity. The x and y dimensions of the unit cell were set equal
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to the desired lattice constant, since in a periodic simulation the lateral size of the domain

directly corresponds to the center-to-center distance between pillars. Equal side lengths were

chosen in both directions to keep the design symmetric and ensure a fair comparison across the

different metasurface configurations. A picture of the simulation domain from COMSOL for

the metasurface’s simulation is shown in Fig. 11.

Figure 11: Simulation domain for studying the scattering response of the metasurfaces in COMSOL.

3.2 Fabrication

The fabrication accuracy is crucial for experimentally validating the resonant behaviour pre-

dicted by simulations. This section describes the fabrication methods employed to realise two

metasurface designs, along with a brief introduction to each tool used throughout the process.

The two designs were chosen based on the resonant study of the geometrical parameters pre-

sented later in section 4.1 and consist of equally spaced TiO2 meta-atoms, arranged with a

periodicity P = 500 nm, a height H = 300 nm and with pillar diameters of D = 140 nm and

145 nm respectively. All of the following processes were carried out in the cleanroom at Lund

NanoLab(LNL) under the supervision of Jeevan Rois, PhD student in the research group where

this thesis was performed.

Sample preparation

Because the two simulated metasurfaces were designed to work in transmission and in the vis-

ible spectral range, a 500 µm thick fused silica wafer was chosen as the substrate due to its

transparency. The SiO2 wafer was first cleaned by placing it in a beaker with acetone. After

an ultrasonic bath of 3 minutes, the wafer was placed in another beaker containing IPA and

the ultrasonic bath was repeated. A dehydration bake was then performed by placing the wafer

on a hot plate at 150◦ for about 5 minutes. The AR-P 6200.13 positive resist was spin coated
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on the cleaned wafer to obtain a layer thickness of around 300 nm. This step was followed by

baking on a hot plate at 150◦ for 8 minutes. A 40 nm thick AR-PC 5002.02 conductive layer

was then spin coated on top of the resist, followed by another bake at 90◦ for 2 minutes.

Patterning

Electron beam lithography (EBL) was used to pattern the metasurfaces. Unlike optical lithog-

raphy, EBL writes patterns by scanning a focused electron beam directly on the resist. This

process does not require a physical mask, which makes it highly convenient for research appli-

cations where design flexibility and fast prototyping have priority over the high throughput of

optical lithography. The main limitation of EBL is its relatively slow writing speeds compared

to optical lithography, which makes it inefficient for patterning over large areas. The patterning

was performed using an EBL Voyager from Raith, the electron acceleration voltage was set to

50 KeV, and after a dose test, a suitable dose of 190 µC/cm2 was found to achieve the correct

pillar resolution. The patterning file was designed so that the electron beam could expose the

positive resist only at the pillar locations. The relatively low density, combined with the pillar’s

small dimensions, helped achieve the correct feature size while keeping the writing time to 4

hours. The two patterns had a device area of 1× 1 mm2 and 0.5× 0.5 mm2 respectively, with

a distance between them of around 0.5 mm.

Development

The patterned chip was placed in a beaker with water for 45 seconds to remove the top con-

ductive layer, followed by a bath in amyl acetate for 1 minute to remove the exposed resist and

create the cavities where the pillars would be built.

Atomic Layer Deposition

Atomic Layer Deposition (ALD) was used to conformally fill the cavities to create the pillar

structure of the metasurfaces. ALD is a thin-film deposition technique based on sequential,

self-limiting surface reactions between some gaseous precursors and the substrate. Because

each precursor cycle and its purge happen sequentially, the film can grow one atomic layer at

a time, giving precise control over the material thickness. This high degree of control and the

good conformality of the deposited material make ALD well suited for filling the cavities to

create the pillars. To prevent material deposition under the sample due to the tool area not

being completely flat, the chip was placed on a silicon substrate and secured to it using some

tape. A picture of the patterned sample on the wafer is shown in Fig. 12. An ALD Fiji from

Cambridge Nanotech was used to deposit TiO2 onto the patterned surface. The recipe consisted

of a 0.5 s precursor pulse, a pause for 15 s, activation of plasma at a power of 300 W for 5 s,

and a pause of 15 s before the purge. This cycle was repeated 2300 times to completely fill the

cavities on the surface.

Etching

Inductively coupled plasma reactive ion etching (ICP-RIE) was used to remove the layer of TiO2

that was deposited on top of the metasurface to fill the pillar cavities. ICP-RIE is a dry etching

technique that combines chemical reactions with physical ion bombardment to remove the ma-
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Figure 12: Picture of the patterned sample secured to the silicon wafer with a tape before getting placed in the

ALD chamber.

terial. Compared to conventional RIE, the coupled plasma source generates a denser plasma,

allowing the ion energy and plasma density to be controlled independently, resulting in higher

etch rates. A ICP-RIE APEX SLR from Advanced Vacuum Systems AB, using fluorine-based

chemistry and an RF power of 30 W, was used to etch the deposited TiO2 on top of the pillars.

First, using an ellipsometer, a TiO2 thickness of 51 nm was measured on the silicon wafer used

as the ALD platform for the chip. Then, a 1 minute etching was performed using the same

wafer to calculate the etch rate of the tool. The second ellipsometry measurement after this

etch test resulted in a TiO2 thickness of 16.55 nm, resulting in an etch rate of 34.5 nm/ min.

Knowing this and the 51 nm TiO2 residual layer thickness on the sample, etching was performed

for about 90 seconds to completely remove the unwanted material. The resist between pillars

was then removed by O2 plasma ashing for 5 minutes, while the remaining residual resist was

removed by placing the chip in a remover 1165 bath for 40 minutes at 80◦. An illustration of

all the involved processes for the metasurface’s fabrication is depicted in Fig. 14. The result

for the 0.5× 0.5 mm2 metasurface after etching and development under the optical microscope

can be seen in Fig. 13.

Figure 13: Picture under the optical microscope of the 0.5× 0.5 mm2 metasurface after fabrication.
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Figure 14: Schematic illustration of the metasurface fabrication processes. The conductive layer is shown in

dark grey, the resist in pink, the fused silica substrate in light grey, while the light blue material is TiO2.
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3.3 White Light Spectroscopy

To measure the transmission spectra of the two fabricated metasurfaces, an interferometer was

built on an optical bench. While the entirety of the interferometer was not needed for measuring

only the transmission spectra, the interferometer was built for future phase characterizations of

resonant metasurfaces. In this work, the phase response was not characterized as the results from

the transmission measurements suggested the need for further optimizations of the measurement

setup to obtain a meaningful phase study. The time constraints did not allow for this within

the scope of this thesis. The experimental setup together with pictures of the illuminated

metasurfaces is illustrated in Fig. 15. It uses a white-light laser WL as the source, which is well

suited for the resonance study given its broad spectral coverage. Before the first reflection at

mirror M1, a bandpass filter F was placed in front of the beam to select the light within the 400-

600 nm spectral range. A second mirror M2 was then placed and tuned to steer the reflected

beam toward the interferometer. An aperture A1 placed before the first beam splitter BM1

reduces the beam diameter to match the size of the metasurfaces. At BM1, the beam is split

into two, with one beam going through the metasurface chip S, bouncing off mirrors M3 and

M4 before reaching the second beam splitter BM2. Part of the incoming beam after A1 reflects

off BM1 to form the second arm of the interferometer. This beam, propagating perpendicularly

compared to the incoming beam, then reaches a phase delay stage PD composed of two identical

oblique small mirrors, which redirect the light towards mirror M5. After reflecting off M5, the

beam reaches BM2, where its reflection is then recollimated with the reflected beam coming from

M4. Then, the single beam from BM2 passes through a second aperture A2 before reaching the

fiber coupler FC, which collects the light into a multi-mode fiber connected to a spectrometer

at the other end of the fiber. The position the metasurfaces accurately, the chip was mounted

between two clamping plates screwed onto a holder. The holder was fixed to a movable stage

which was aligned to have the beam impinging along the axis connecting the two metasurfaces,

allowing the switch between them to be controlled by only tuning the height of the stage.

Figure 15: Picture of the white light interferometer with illustration of the beam path. An inset showing

pictures of the two illuminated metasurfaces on the same chip (S) is shown.
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4 Results and Discussion

This chapter will describe the results of the simulations and the experimental characterization

of dielectric resonant metasurfaces in the visible spectrum.

The first section will be focused on the study of resonant metasurfaces with a core-shell

structure. The goal was to explore the resonant behaviour of metasurfaces when more than one

dielectric material has been used for fabricating the meta-atoms. The two materials of choice in

this part were TiO2 and HfO2. As described in chapter 1, the transparency and high refractive

index in the visible range make both dielectric materials suitable candidates for exploring the

core-shell structure and resonant mechanisms in metasurfaces in the visible range.

Firstly, the scattering response of single meta-atoms was investigated to show which type of

Mie-resonances were possible to excite. Meta-atoms with core-shell structures are then exam-

ined to see the differences in the scattering response compared to the monolithic meta-atoms.

The scattering contribution of each multipole is obtained through the multipole decomposition

method, while the simulations were performed in COMSOL Multiphysics.

After, the resonant effects of dielectric metasurfaces were studied by simulating their trans-

mission, reflection and phase responses. A similar comparison was carried out between TiO2/HfO2

metasurfaces, core-shell metasurfaces and effective material metasurfaces, where the refractive

index of the latter was modelled to replicate the composition of core-shell metasurfaces. The

simulation study shows how the geometrical parameters of the meta-atoms, as well as the pe-

riodicity of the lattice, change the resonant response. Moreover, two metasurface designs were

chosen to validate the simulation results and to observe the resonances. The metasurfaces fab-

rication was carried out at LNL as described in section 3.2 and their transmission spectra were

then observed by placing them in one arm of an interferometer as described in section 3.3.

The second part will be dedicated to a conceptional design of a metasurface for harmonic

generation. The concept has been developed with the intent of placing the metasurface inside a

multi-pass cell (MPC), where the incoming light is generated by an ultrafast laser source with

a bandwidth of 10 nm centered at 1030 nm and a pulse duration of around 180 fs. It has to

be noted that this part of the project involved only the design process, while the fabrication

and the metasurface testing for this application would require further work and are left as a

prospect for future investigations.

The resonant response and the harmonic order generated by the metasurface are dependent

on the material and the geometrical parameters, so both these aspects were investigated to

choose a suitable design correctly. COMSOL is not suitable for studying harmonic generation

due to the lack of a nonlinear optics module and physics, and simulating a nonlinear response

from structures in the software is not trivial and could become time consuming because the

user would have to implement the coupling of the fundamental and the higher harmonics using

one additional physics interface and manually add nonlinear polarization terms. In this thesis,

the main figure of merit for choosing a suitable device has been the electric and magnetic field

enhancement inside the structures, which is the driving force behind harmonic generation using

metasurfaces. This approach can still indicate good choices for design parameters, even if the

nonlinear response cannot be measured quantitatively.
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4.1 All-dielectric Resonant Metasurfaces

In this part, the results from the study of the resonances in all-dielectric metasurfaces are shown,

with particular emphasis on core-shell structures. Starting with the simulation of Mie resonances

in single meta-atoms, the discussion will then focus on the metasurfaces’ resonant response and

its dependence on the geometrical and material composition parameters. A cylindrical geometry

was chosen for all meta-atom designs, both to enable a clean parametric comparison and because

pillars represent one of the most fabrication-friendly and extensively studied geometries in the

literature.

4.1.1 Meta-atoms Scattering

Firstly, the scattering response of single-material meta-atoms was studied.

A sweep of the pillar’s radius was performed from 60 nm to 120 nm. The height of the pillars

was set to 300 nm. The refractive index and the extinction coefficient values for TiO2 and HfO2,

available in the material library of COMSOL, were taken from [54] and [55] respectively. To

obtain the multipole scattering cross sections and their individual contribution to the total

scattering cross section, the multipole decomposition described in section 3.1 was performed

after exporting the data of the electric field and refractive index distribution inside the pillars.

The results after the multipole decomposition for the TiO2 meta-atoms are shown in Fig.16,

where four different radii illustrate how the scattering is affected by the size of the pillars.

As the structure gets larger in diameter, the total scattering cross section increases and gets

broader. Moreover, the multipole decomposition reveals that this broadening effect is mainly

caused by the decoupling between the electric and magnetic dipole, and that the lowest order

Mie resonance is indeed the magnetic dipole, which appears at a longer wavelength compared

to other resonances, in accordance with the theory.

The pillar cross sections shown in Fig.17 for the case of the meta-atom pillar with diameter

D = 216 nm, illustrate how the electric and magnetic field distributions appear at λ = 577 nm

when both the electric and magnetic field are excited at the same time. The strong electric field

circulation inside the pillar in the zx plane corresponds to the excitation of the magnetic dipole

mode, a resonance that is also visible in the magnetic field distribution in the xy plane. More-

over, a magnetic field circulation is also visible in the yz view. This circulation would cause

a displacement current in the x direction within the pillar, giving rise to the electric dipole

resonance which, while still being weaker than the magnetic dipole, contributes meaningfully

to the total scattering cross section. At λ = 425 nm instead, the main contribution to the

scattering cross section comes from the electric quadrupole, which gives rise to more complex

field distributions inside the pillar as shown in Fig.18.
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(a) Meta-atom diameter = 120 nm. (b) Meta-atom diameter = 168 nm.

(c) Meta-atom diameter = 216 nm. (d) Meta-atom diameter = 240 nm.

Figure 16: Scattering cross sections and their multipole components for four TiO2 pillar meta-atoms with a

fixed height of H = 300 nm and a varying diameter.
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Figure 17: Cross-sections of electric and magnetic field distributions inside the TiO2 meta-atom pillar with

D = 216 nm for λ = 577 nm (cyan vertical line in the scattering cross section plot). The distributions in the xy

plane are shown at z = 0 nm, while the yz and zx planes are shown at x = 0 nm and y = 0 nm respectively.

The electric field circulation in the zx plane gives rise to the magnetic dipole resonance, while the magnetic field

circulation in the yx plane generates a magnetic dipole resonance.

Figure 18: Cross-sections of electric and magnetic field distributions inside the TiO2 meta-atom pillar with

D = 216 nm for λ = 425 nm (cyan vertical line in the scattering cross section plot). The distributions in the xy

plane are shown at z = 0 nm, while the yz and zx planes are shown at x = 0 nm and y = 0 nm respectively.

The field distributions, plotted at the excitation wavelength of the electric quadrupole, are more complex

compared to the ones for the electric and magnetic dipoles.
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Changing the meta-atom material to HfO2 while keeping the same simulation parameter study,

shows that the scattering cross section peak shifted towards shorter wavelength compared to

the previous case. The multipole decomposition reveals that this shift is caused by the ap-

pearence of the resonances at shorter wavelengths, and that their increased width has reduced

and broadened the overall scattering cross section. This effect is due to the lower refractive

index of HfO2 compared to TiO2, which confirms the relationship between the geometry and

the resonances expressed in eq.1.

(a) Meta-atom diameter = 120 nm. (b) Meta-atom diameter = 168 nm.

(c) Meta-atom diameter = 216 nm. (d) Meta-atom diameter = 240 nm.

Figure 19: Scattering cross sections and their multipole components for four HfO2 pillar meta-atoms with a

fixed height of H = 300 nm and a varying diameter.

These two preliminary studies show that the resonant response of the meta-atoms can be effi-

ciently tuned by continuously varying the geometry. A similar study was performed by replacing

the single-material pillar with a core-shell structured pillar composed by a TiO2 core and a HfO2

outer shell. In this case, the geometrical parameter, i.e. the total diameter of the pillar, was kept

fixed at D = 200 nm, while the material composition of the pillar was varied by progressively

decreasing the TiO2 diameter and increasing the thickness of the HfO2 shell. The results are

presented in Fig.20. The four plots indicate that varying the material composition effectively

modifies the average refractive index of the pillar, shifting the resonances in a manner analogous

to the purely geometric tuning discussed above.
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(a) TiO2 Core diameter = 40 nm. (b) TiO2 Core diameter = 104 nm.

(c) TiO2 Core diameter = 147 nm. (d) TiO2 Core diameter = 190 nm.

Figure 20: Scattering cross sections and multipole decompositions for four core-shell meta-atoms with a fixed

diameter of D = 200 nm and height H = 300, each consisting of a TiO2 core and a HfO2 shell of varying

thicknesses.

4.1.2 Geometrical Parameters Study

Moving from single pillars to metasurfaces, the first study consisted of simulating metasurfaces

composed by core-shell meta-atoms with a fixed diameter D = 200 nm, height H = 300 nm and

period P = 500 nm. The shell layer was swept from 5 nm to 80 nm thickness, which corresponds

to a core diameter ranging from 190 nm to 40 nm, similarly to the single meta-atom simulation

described above. For this study, both material configurations were simulated, and to determine

whether the core-shell geometry could introduce new resonant features when arranged in a

metasurface, or whether it simply behaves as an effective medium. Supporting simulations were

carried out using single pillars made of effective materials, which were modelled as a weighted

average based on the TiO2 and HfO2 content, having a refractive index value defined as:

neff =
nTiO2VTiO2 + nHfO2VHfO2

VTiO2 + VHfO2

(21)

The resulting Cauchy parameters obtained through the fitting of the effective refractive index

were then used to define the effective material in COMSOL. By changing the shell layer thickness

while keeping the diameter of the whole structure fixed at D = 200 nm, the effective material

could span continuously between the refractive index values of HfO2 and TiO2. For example,
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Fig.21 illustrates how the refractive index of the effective material varies when trying to emulate

a core-shell structure with a TiO2 core.

The transmittance heatmaps for the HfO2 core and TiO2 core structures shown in Fig.22

and Fig.23, respectively, reveal two distinct resonant features associated with a high degree

of reflectance. In the HfO2 core case, the resonances began to diverge when the TiO2 shell

thickness reached approximately 15 nm. The increasing TiO2 content in the structure reduced

the bandwidth of the resonances, causing their decoupling, a feature that was also noticeable

in the scattering cross section study shown in Fig.20. The opposite behaviour was observed for

the TiO2 core case, where the resonances instead began to couple at a shell thickness of around

25 nm. The core-shell structure did not show any major difference from the effective material,

except for an increased separation between the two resonances which was more pronounced for

a shell thickness of around 40 nm.

Figure 21: Effective refractive index model for a core-shell structured meta-atom having a diameter D = 200

nm, height H = 300 nm and a HfO2 shell layer thickness ranging from 5 nm to 80 nm.

(a) Metasurface composed of core-shell meta-atoms

(b) Metasurface composed of effective material

meta-atoms

Figure 22: Transmittance heatmaps for a) metasurface composed of meta-atoms with HfO2 core and a TiO2

shell layer thickness ranging from 5 nm to 80 nm and b) metasurface composed of meta-atoms with an effective

material. The meta-atoms have a fixed diameter D = 200 nm, height H = 300 nm and periodicity of P = 500

nm.
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(a) Metsurface composed of core-shell

meta-atoms

(b) Metasurface composed of effective material

meta-atoms

Figure 23: Transmittance heatmaps for a) metasurface composed of meta-atoms with TiO2 core and a HfO2

shell layer thickness ranging from 5 nm to 80 nm and b) metasurface composed of meta-atoms with an effective

material. The meta-atoms have a fixed diameter D = 200 nm, height H = 300 nm and periodicity of P = 500

nm.

A simulation study was performed to observe the effect of an increased pillar height on the

resonant response of core-shell metasurfaces. The effective medium simulation approach was

also carried out to compare the results and to look for possible emerging new resonant features.

The periodicity of the metasurfaces was set to P = 400 nm, with a fixed meta-atom diameter of

D = 300 nm. To ensure an approximate 50% composition for each dielectric material, the HfO2

shell layer thickness was set to T = 46 nm, with a consequently TiO2 core diameter of D = 208

nm. The transmittance heatmaps are shown in Fig.24, in which the height of the pillars was

swept from 300 nm to 800 nm.

(a) Metsurface composed of

core-shell meta-atoms

(b) Metasurface composed of effective material

meta-atoms

Figure 24: Transmittance heatmaps for a) metasurface composed of a TiO2 core and a HfO2 shell layer thickness

of 46 nm and b) metasurface composed of meta-atoms with an effective material. The meta-atoms have a fixed

diameter D = 300 nm, a periodicity P = 400 nm and variable height ranging from 300 nm to 800 nm.

Fig. 24 reveals richer resonant features, especially for structures taller than 500 nm. The most
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striking of these is a resonance near 650 nm wavelength that vanishes at a pillar height of ap-

proximately 600 nm, a behaviour that may be indicative of an accidental quasi-BIC resonance,

which for shorter pillars, appears as a broadband feature, progressively narrowing as the height

increases, before vanishing entirely and re-emerging as a sharp resonance for slightly different

geometries. As in the previous study, no new noticeable resonant effect appeared as a conse-

quence of the layered structure of the core-shell meta-atoms, which still behave as if they were

made of a single effective material.

To expand the meta-atoms geometrical parameter study, further simulations were carried

out by varying the total diameter of TiO2-core pillars between 80 nm and 200 nm. The pillar

height was fixed at H = 300 nm, along with the periodicity P = 500 nm and the HfO2 shell layer

thickness T = 26 nm. The effective refractive index model, which has been shown to provide

a good approximation for the core-shell meta-atom geometry, is plotted in Fig.25 for different

radius values. At smaller diameters, the refractive index, and as a consequence, the optical

response of the structure, approaches that of a purely HfO2 metasurface, while as the diameter

increases, the fixed shell thickness results in a progressively larger TiO2 content, raising the

effective refractive index accordingly.

Figure 25: Effective refractive index model for a core-shell structured meta-atom having a height H = 300 nm,

a fixed HfO2 shell layer thickness T = 26 nm, and a variable radius ranging from 30 nm to 120 nm.

The simulation results are shown in Fig.26, in which the transmittance and phase heatmaps

have been plotted. The transmittance plot shows two distinct resonances for structures with

a diameter D = 130 nm or larger. As the meta-atoms grow in diameter, these two resonances

begin to couple until, at around 530 nm, they interact for diameters between 177 nm and

181 nm, followed by a second decoupling and broadening for larger pillars. The interaction

parameter region is associated with close to unit transmittance as shown in Fig.26a. On the

other hand, the phase shift heatmap shown in Fig.26b illustrates how the transmitted light phase

changed due to propagation inside the metasurface. The graph was obtained by subtracting

the phase accumulation caused by an equivalent air column from the phase values extracted

from the COMSOL simulation. The heatmap illustrates how, away from the resonances, the

phase contribution due to the metasurface is negligible, while near the resonances, rapid phase
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variations occur within a narrow spectral bandwidth, driven by the strong field confinement

and enhancement within the pillar. The 2π phase coverage and the close-to-unit transmittance

appearing exactly at the same spectral location where the two resonances overlap and interact

is an indication of the Kerker effect discussed in section 2.2. Interestingly enough, the same

feature is also present in the case of full TiO2 meta-atoms as shown in Fig.27, where with

identical geometrical parameters, the Kerker effect appeared at a spectrally shifted location

relative to the core-shell metasurface. In general, the refractive index of the material in use

greatly affects the spectral position of the Kerker effect, and can even give rise to entirely new

resonant features as illustrated in Fig.27b and Fig.27c, where two alternative refractive index

datasets [56, 57] were used in combination with the one adopted throughout this thesis. The

refractive index values for all three TiO2 datasets are plotted in Fig. 28.

The final investigated parameter was the periodicity of the meta-atom pillars composing the

metasurface. While not being a proper geometrical parameter, the periodicity influences the

resonant response of the metasurface and represents an additional degree of freedom for spectral

tuning of the resonances, without requiring any modification to the meta-atoms geometry. Four

simulations were carried out, two with single-material meta-atoms, and two with core-shell

pillars exploring both material combinations, one having a TiO2 core and HfO2 shell, and one

with the opposite material configuration. The diameter was fixed at D = 300 nm, height

H = 300 nm and for the core-shell metasurfaces, the shell layer thickness was kept fixed at

T = 46 nm. The periodicity was swept from 200 nm to 500 nm. All four plots show four

different resonant features, with the exception of Fig.29c, in which only three of those are

visible. The two most noticeable are the high reflectance resonances caused by the excitation

of the electric and magnetic dipoles between 400 nm and 550 nm, which appear up across all

the studied periodicities except for the HfO2 metasurface, in which no resonances are observed

for a periodicity of 260 nm or under. These two resonances are spectrally distinct for the case

of HfO2-based metasurfaces, while they overlap for the TiO2-based ones. A third resonance is

visible for periodicities between 350 nm and 450 nm approximately, within a spectral window of

400 nm and 450 nm. Its absence in Fig.29c indicates that this feature originates from the higher

refractive index of TiO2, pointing to a possible higher-order Mie resonance. The fourth and final

resonance, indicated by the dashed black lines, appears when P = λ for all four simulations. In

fact, it originates from the Rayleigh anomaly discussed in section 2.2.1, in which the evanescent

diffraction orders can still propagate along the surface of the metasurface, leading to a dip in

the transmittance caused by the lattice resonance and its non-locality.
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(a) Transmittance heatmap for a core-shell

metasurface with variable diameter meta-atoms.

(b) Phase heatmap for a core-shell metasurface

with variable diameter meta-atoms.

Figure 26: a) Transmittance and b) phase heatmaps for a metasurface composed of a TiO2 core and a HfO2

shell layer thickness of 26 nm. The meta-atoms have a fixed height H = 300 nm, a periodicity P = 500 nm and

variable diameter ranging from 80 nm to 200 nm.

(a) Transmittance heatmap for a TiO2

metasurface with variable diameter meta-atoms.

Refractive index data taken from [54]

(b) Transmittance heatmap for a TiO2

metasurface with variable diameter meta-atoms.

Refractive index data taken from [56]

(c) Transmittance heatmap for a TiO2

metasurface with variable diameter meta-atoms.

Refractive index data taken from [57]

Figure 27: Transmittance heatmaps for TiO2 metasurfaces with variable diameter meta-atoms. Each simulation

was run with a different TiO2 refractive index library available in COMSOL.
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Figure 28: Refractive index values of TiO2 taken from three different datasets available in COMSOL.

(a) Transmittance heatmap for a TiO2

metasurface with a

variable periodicity.

(b) Transmittance heatmap for a core-shell

metasurface with a TiO2 core and a variable

periodicity.

(c) Transmittance heatmap for a HfO2

metasurface with a

variable periodicity.

(d) Transmittance heatmap for a core-shell

metasurface with an HfO2 core and variable

periodicity.

Figure 29: Transmittance heatmaps for a) metasurface composed of TiO2 meta-atoms b) metasurface composed

of meta-atoms with TiO2 core and a HfO2 shell layer thickness of 46 nm c) metasurface composed of HfO2

meta-atoms d) metasurface composed of meta-atoms with HfO2 core and a TiO2 shell layer thickness of 46 nm.

The meta-atoms have a fixed diameter D = 300 nm, height H = 300 nm and variable periodicity of P ranging

from 200 nm to 500 nm. The Rayleigh anomaly is indicated by the black dashed line appearing in all four plots.

The electric and magentic dipole resonances are present in all the plots, while the higher-order resonant feature

visible in a), b) and d) is not present in the HfO2 metasurface study shown in c).

38



4 RESULTS AND DISCUSSION

4.2 Metasurfaces for Nonlinear Optics

As described in section 2.3, the field enhancements and relaxed phase matching conditions en-

abled by metasurfaces make them an interesting technology to be studied in the field of nonlinear

optics. This part will show the results of a metasurface concept for harmonic generation. The

metasurface has been designed to be placed inside a multipass cell, an optical device in which a

laser pulse propagates through a nonlinear or dispersive medium multiple times via successive

reflections off mirrors. The goal for this concept is the realisation of a setup to boost harmonic

generation efficiencies using resonant metasurfaces. The metasurface was designed to work at a

wavelength of λ0 = 1030 nm and optimised for third harmonic generation at λ3 = 343 nm, due

to the impossibility of generating the second harmonic with amorphous materials. The light

source for this concept is a pulsed laser with a 180 fs pulse duration and a bandwidth of 10 nm

centered at λ0. While materials with higher χ(3) exist, the studied materials were TiO2 and

HfO2, this choice was made due to their ease of fabrication, wide transparency windows and

fabrication expertise at Lund Nano Lab.

4.2.1 TiO2 Resonant Metasurface

TiO2-based metasurfaces were first studied due to its higher χ(3) compared to HfO2.

As seen previously, to find suitable resonances, the meta-atoms diameters have to approach

at least a value D ≈ 500 nm dictated by eq.1, which imposes a minimum threshold for the

pillars diameters when working at 1030 nm. This can be seen in Fig.30, where diameter and

height were swept for a TiO2 based metaurface having a periodicity P = 550 nm.

Figure 30: Transmittance heatmap for a TiO2-based metasurface with a periodicity P = 550 nm at λ = 1030.

The diameter D and the height H of the pillars were swept from 300 nm to 500 nm, and from 300 nm to 600

nm respectively.

A resonance indicated by an increased reflectance appeared only when the pillars reached a
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height between 500 nm and 600 nm and a diameter D ≈ 475 nm at least. Because the diameter

of a pillar can only be lower than the periodicity of the metasurface, the distance between

pillars became longer than the third harmonic λ3, making the metasurface design intrisically

diffractive at this wavelength. This is usually not a problem in setups where the light passes

trhough the metasurface only one time, but it could potentially be an issue for multi-passes,

due to a consequently lower total third harmonic generation efficiency.

Nevertheless, a second simulation was then run by fixing the height at H = 550 nm while

sweeping the diameter from 460 nm to 620 nm and the periodicity from 650 nm to 700 nm.

The results are shown in Fig.31. The simulation shows a resonance for pillar diameters ranging

from 520 nm to 540 nm with little dependence on the periodicity of the metasurface, probably

caused by a localized resonant response within the pillars and signaling a high degree of locality

in the metasurface design. This resonance divides the parameter space into two regions: a high-

transmittance regime for diameters above 540 nm, and a lower transmittance regime where

values do not exceed approximately 0.5.

A third simulation was then performed to study the response at the third harmonic λ3 = 343

nm, with the geometrical parameters being H = 550 nm, P = 670 nm. The diameter was swept

from 530 nm to 550 nm, where the resonance appeared at this specific periodicity. As shown in

Fig.32 though, the metasurface experiences absorption well over 80% due to the TiO2 content.

In fact, at λ3 = 343 nm , TiO2 is still partially absorbing, as λ3 falls at the bandgap edge of

TiO2. For this reason, the metasurface design based on TiO2 was discarded.

Figure 31: Transmittance heatmap for a TiO2-based metasurface composed by pillars with a fixed height

H = 550 nm at λ = 1030. The diameter D and the periodicity P of the pillars were swept from 460 nm to 620

nm, and from 650 nm to 700 nm respectively.
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Figure 32: Absorbance (red line) and transmission orders (colored lines) for a TiO2-based metasurface at

λ = 343 nm. The pillar’s height and periodicity were fixed at H = 550 nm and P = 670 nm respectively, while

the diamater was swept from 530 nm to 550 nm.

4.2.2 HfO2 Resonant Metasurface

HfO2-based metasurfaces were subsequently investigated due to the material’s wider trans-

parency window. The same simulation parameters choice for obtaining Fig-31 were used, with

the only difference being the meta-atoms’ material. Unlike the TiO2 case, the resonance ap-

peared to be period-dependent, shifting towards smaller diameters as the periodicity increased,

indicating a higher degree of non-locality of the resonance caused by a weaker field confinement

due to the lower refractive index of HfO2.

Figure 33: Transmittance heatmap for a HfO2-based metasurface composed by pillars with a fixed height

H = 550 nm at λ = 1030. The diameter D and the periodicity P of the pillars were swept from 460 nm to 620

nm, and from 650 nm to 700 nm respectively.
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Up to this point, the placement of the metasurface inside the MPC had not yet been deter-

mined, but looking at Fig.33 as well as the previous plots, the resonances mostly appeared

as dips in the transmission spectrum, with strong field enhancements correlated with high re-

flectance. Designing the metasurface to operate in transmission would allow for simultaneously

high transmittance and high field enhancements only at the Kerker effect, a feature that was

not visible at the investigated geometrical parameters and wavelength. This motivated a re-

design of the structure to include a 300 nm Ag layer at the bottom of the structure, with a

1 µm layer sitting between the pillars and the metal. Working in reflection, the metasurface

is then designed to be placed directly on one or both mirrors, with the simulation shown in

Fig.34 confirming the near-unit reflectance at λ0 and for the source bandwidth. The origin of

(a) (b)

Figure 34: a) Design illustration of the HfO2-based metasurface structure to work in reflection b) Reflectance

and absorbance spectrum centered at λ = 1030 for a HfO2-based metasurface. The pillar’s height, periodicity

and diameter were fixed at H = 550 nm, P = 670 nm and D = 586 nm respectively.

the resonance seen in Fig.33 was clarified by plotting the field distributions inside a meta-atom

with D = 586 nm, and a metasurface periodicity of P = 670 nm shown in Fig.35 and 36. A

magnetic dipole mode is clearly excited for wavelengths shorter than λ0 within the bandwidth,

while two opposite electric dipoles can be seen for wavelengths higher than λ0, indicating a

possible electric quadrupole resonance inside the pillar. The resonance shown in Fig.33 can

then be related to this two slightly decoupled resonances, which could potentially achieve a

high field enhancement within the working bandwidth. In fact, the electric field distributions

show a ten-fold increase in the field magnitudes inside the pillars in the near vicinity of the

fundamental wavelength.

Successively, a simulation for wavelengths ranging from λ = 341 nm to λ = 345 nm with

the same geometrical parameters was run to observe the behaviour of the metasurface at the

third harmonic. The results plotted in Fig.37 show that, even when becoming diffractive, the

metasurface could still reflect around 45% of the incoming light at λ3 along the reflectance

0th order. Nonetheless, the inclusion of Ag in the structure would cause significant absorption

ranging between 20% and 30 % of the incoming light at the studied wavelengths.
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(a) λ = 1028 nm (b) λ = 1028 nm

(c) λ = 1030 nm (d) λ = 1034 nm

Figure 35: Electric field norm distribution inside the reflective HfO2 metasurface’s pillar having a diameter

D = 586nm, height H = 550 nm and periodicity P = 670 nm.
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(a) λ = 1026 nm (b) λ = 1028 nm

(c) λ = 1030 nm (d) λ = 1034 nm

Figure 36: Magnetic field norm distribution inside the reflective HfO2 metasurface’s pillar having a diameter

D = 586nm, height H = 550 nm and periodicity P = 670 nm.
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Figure 37: Absorbance and reflectance spectra centered at λ = 343 nm for the reflective HfO2 metasurface. The

diameter was fixed at D = 586nm, the height at H = 550 nm and the periodicity at P = 670 nm.

4.3 Fabrication

After the simulation studies, to test the predictions and observe the resonant features, a selection

among the simulated designs had to be made to fabricate and characterize the response of the

metasurfaces. The choice had to take into consideration both the presence of interesting features

and the ease of fabrication.

Within all the simulation results, two metasurface designs having H = 300 nm, P = 500

nm and D = 140 nm and 145 nm respectively, were chosen from the diameter parametric

study shown in Fig.27 exhibiting the Kerker effect. In particular, the designs were selected

from Fig.27b because the refractive index values [56] used for the simulation were the most

compatible with the ones observed for TiO2 deposited with ALD at LNL.

From a fabrication standpoint, these designs were also the most practical choice since the

other simulated geometries featured larger pillar diameters or high aspect ratios, which would

have resulted in longer EBL exposures or higher risks of fabrication defects. The core-shell

structured design was excluded for similar reasons, its fabrication would have required a more

complex process flow and the simulations did not reveal any new resonant features or increased

field confinement compared to an effective material that would justify the added effort.

Scanning electron microscopy (SEM) was used to observe the pillars on the metasurface

and verify that the fabrication process had successfully replicated the designed geometries. To

prevent the charge buildup on the surface due to the device being made of dielectric materials,

a thin Pt/Pd layer was deposited on the metasurface to prevent static charge buildup, which

would otherwise distort the electron trajectories and produce artifacts in the acquired images. It

has to be noted that this SEM inspection was performed only after the optical characterization,

as the metallic coating inevitably modifies the sample structure.

The SEM results presented in Fig. 38, 39 and 40 for both metasurfaces, show that the ALD

run failed to fill the cavities completely, creating pillars with hollow cores having diameters of

38.8 nm for the D = 140 nm metasurface and 43.4 nm for the D = 145 nm metasurface. The
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missing material at the center was caused by the ALD tool running out of the TiO2 precursor.

Nonetheless, the fabrication process was successful in creating pillars with the intended geo-

metrical parameters as demonstrated by Fig.38, showing pillars having diameters D ≈ 140 nm

and D ≈ 145 nm, and by Fig.39, where pillar heights of H ≈ 300 nm were obtained by directly

measuring the length of a fallen pillar and by tilting the metasurface by 30◦ and retrieving the

actual height from H = Hproj/sin(30
◦), where Hproj is the projected height obtained from the

SEM images. A periodicity P ≈ 500 nm was also measured as seen in Fig.40.

(a) SEM image of the 0.5× 0.5 mm2 metasurface,

presenting a diameter D = 140 nm and an hollow core

of diameter 38.8 nm.

(b) SEM image of the 1× 1 mm2 metasurface,

presenting a diameter D = 145 nm and an hollow core

of diameter 43.4 nm.

Figure 38: SEM images captured at normal incidence with respect to the metasurfaces. a) SEM image of the

0.5× 0.5 mm2 metasurface with intended diameter D = 140 nm. b) SEM image of the 1× 1 mm2 metasurface

with intended diameter D = 145 nm.

(a) SEM image captured at normal incidence where

the height of a fallen pillar has been measured.

(b) SEM image captured at an inclination angle of 30◦

between the metasurface normal and the detector.

Figure 39: SEM images of the 0.5× 0.5 mm2 metasurface captured at a) normal incidence and b) at an angle

of 30◦ to measure the height of the pillars. The height was measured from a fallen pillar as well as calculated by

knowing the angle of inclination and the projected value of 145 nm.
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Figure 40: SEM image of the 1× 1 mm2 metasurface captured at normal incidence presenting a periodicity of

494 ∼ 499 nm.

4.4 Optical Characterization

As previously mentioned, the two designs were fabricated to experimentally observe the reso-

nance in the vicinity of the Kerker effect, and how it transforms when the diameter of the pillars

is changed. Fig.41 illustrates the location of the two metasurfaces in the parametric simulation

results, as well as their expected spectrum.

(a) 0th order transmittance heatmap. (b) 0th order transmittance line profiles.

Figure 41: a) Heatmap of the 0th order transmittance spectrum resulted from the diameter parametric study of

the TiO2 metasurface with an height H = 300 nm and periodicity P = 500 nm and b) extracted line profiles for

diameters D = 140 nm (green line) and D = 145 nm (black line).

To experimentally observe the feature seen in Fig.41b, the optical characterization was per-

formed by measuring the transmission spectra of the two fabricated metasurfaces using the

white light spectroscopy setup detailed in section 3.3. The spectrometer recorded the detector

counts as a function of wavelength by collecting the light from the multi-mode fiber output

every 500 µs, with the displayed results on the computer being averaged over 80 acquisitions.

First, to isolate the spectral response of the metasurfaces from the substrate, a reference inten-
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sity spectrum Iref was acquired by letting the beam propagate only through the silica. This

spectrum was then used to normalize the spectra recorded by directing the beam towards each

metasurface, returning a transmittance T = IMS/Iref . This normalization removed the losses

appearing only due to the substrate shown in Fig.42, and allows direct comparison with the

transmittance spectra obtained from the simulations.

Figure 42: Transmittance spectrum of the fused silica substrate substrate calculated by dividing the detector

data of the beam passing through the substrate ISiO2 by the data of the beam Ibeam.

The spectra together with the transmittance simulations results are presented in Fig.43.

The experimental results for both metasurfaces show a much higher transmittance compared to

the simulations, this difference is especially evident at wavelengths < 500 nm, where the meta-

atom periodicity Λ becomes larger than the incident wavelength and the metasurface enters

the diffraction regime. Moreover, the resonance feature at 521 nm observed in the simulations

is not distinguishable in the experimental results. The noise visible in the recorded spectra in

Fig.43a can be attributed to modal interference within the multi-mode fiber that connects the

integrating sphere to the spectrometer. In fact, during the data acquisition, the interference

pattern was observed to fluctuate and momentarily vanish after touching the fiber, a result of the

phase randomization between modes induced by the movement. Despite the interference noise,

a slight decrease in transmittance can be seen for λ > 520 nm for the metasurface composed

of meta-atoms with a diameter D = 140 nm compared to the one having meta-atoms with

D = 145 nm. On the other hand, for λ < 500 nm the metasurface with D = 140 nm has a

higher transmittance, an effect that is visible in the simulation results as well, but that could

also be explained by the fact that the metasurface dimensions were comparable to the beam

diameter as seen in Fig.15, letting parts of the beam partially propagate only through the glass,

lowering the diffraction efficiency as a consequence.

One possible explanation for the missing resonance in the experimental results is the limited

spectrometer’s resolution of 20 nm, which could average out the sharp feature, causing a trans-

mittance decrease over a much broader spectral range compared to the resonance bandwidth of

around 2 ∼ 5 nm observed in the simulations. The low resolution of the spectrometer could also

explain why the transition to the diffractive regime at 500 nm seems to be gradual instead of

abrupt like in the simulation results. Applying a moving average with an interval of 20 nm over
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the simulated spectra to mimic the resolution of the spectrometer does indeed produce a more

gradual shift at 500 nm and affect the visibility of the resonance as seen in Fig.44, especially for

the metasurface with meta-atoms with D = 140 nm. For the other metasurface, the resonant

feature can still be seen after the convolution, even though its bandwidth and transmittance

are distorted compared to the simulation.

(a) Experimental normalized transmittance spectra. (b) Simulated transmittance spectra.

Figure 43: a) Experimental and b) simulated transmittance spectra of the two metasurfaces.

(a) Experimental normalized transmittance spectra.

(b) Simulated transmittance spectra after applying a

moving average

Figure 44: a) Experimental transmittance spectra and b) simulation transmittance spectra after applying a

moving average with a 20 nm window to mimic the effect of the spectrometer’s resolution.

The possible contribution of the metasurface hollow core structure to the resonant response

was then investigated to see if the uncomplete deposition could have explained the missing

feature in the experimental results.

A simulation was run by replicating the actual pillar structure and dimensions measured

through the SEM images, and the results of this study are shown Fig. 45b. The resonance

at 520 nm remains visible for both metasurfaces, but the the hollow core seems to affect the

diffraction efficiencies, causing an increase in transmission for λ < 500 nm, as well as the

complete disappearance of the sharp resonant feature previoulsy observed at 580 nm.
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(a) Simulated transmittance spectra of the two

metasurfaces having completely filled pillars.

(b) Simulated transmittance spectra of the two hollow

core metasurfaces.

Figure 45: Simulated transmittance spectra for the a) metasurfaces with completely filled pillars and b)

metasurfaces with hollow core pillars replicating the fabrication results.
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5 Conclusions and Outlook

In this thesis, the resonant response of all dielectric TiO2 and HfO2 metasurfaces has been stud-

ied, with particular emphasis on metasurfaces with meta-atoms having core-shell geometries.

The work was structured towards two main goals, with the first one being focused on the inves-

tigation of the core-shell structured metasurfaces and how this geometry affects the resonant

response, while the second one was dedicated in designing a metasurface concept optimised for

third harmonic generation inside a multipass cell.

The study, performed through simulations in COMSOL, firstly showed that TiO2 and HfO2

cylindrical pillars could sustain multiple and overlapping resonant modes, with the magnetic

dipole appearing as the lowest order mode in agreement with the theory. The multipole decom-

position of the scattering cross section revealed that the electric and magnetic dipole contribu-

tions were the dominating mode compared to the higher order Mie resonances. Consistently

with the theory, replacing TiO2 with HfO2 at the same geoemetrical parameters and spectral

range caused a blueshift of the resonances due to the lower refractive index of the material. The

core-shell structure scattering study, performed at a fixed total diamater with a varying shell

thickness, showed that the material composition acted as an additional degree of freedom to

tune the resonant response of the scatterers.

In the metasurfaces geometry study, the effects of the meta-atoms height, diameter, pe-

riodicity and shell thickness on the resonances were simulated by sweeping one geometrical

parameter at a time while keeping the others fixed. Across all configurations, the simulations

showed that the core-shell geometry did not lead to new resonant emerging features, but instead

acted on the resonances like a tunable effective material varying between the optical properties

of pure TiO2 and HfO2. The height sweep revealed richer resonant features for taller pillars,

including a feature near 650 nm that progressively narrowed with increasing height before dis-

appearing, consistent with the behaviour of an accidental quasi-BIC. The sweep of the period

showed the transmittance dip caused by the Rayleigh Anomaly, together with the two clearly

distinct electric and magnetic dipole resonances and a third feature attributed to a high-order

Mie resonance. Moreover, the diameter study revealed the appearance of the Kerker effect in

the visible, correlated with a narrow spectral range with close to unit transmittance and a 2π

phase shift, a feature that was observed for both core-shell structures and TiO2 metasurfaces

with three different refractive index dataset.

For the nonlinear metasurface design, TiO2-based metasurfaces were first investigated as

platform for driving THG at λ3 = 343 nm, an option that was later discarded due to the TiO2

absorption exhibited at the third harmonic exceeding 80% as λ3 falls at the bandgap edge of

the material. The choice then switched toward HfO2 due to its wider transparency window,

with the metasurface simulations showing a more non-local resonance with a ten fold electric

field enhancement caused by an overlapping of the magnetic dipole and an electric quadrupole.

The metasurface was redesigned to operated in reflection by adding a silver layer under the

substrate to maximize the reflection of the first harmonic at 1030 nm. The silver absorption

decreased the transmission at the third harmonic down to around 45%.

Two metasurface designs from the diameter study were fabricated on the same chip to study
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the resonance that appeared close to the Kerker effect. The SEM characterization confirmed the

successful fabrication of the intended pillars periodicity, heights and total diameters. However,

the ALD tool ran out of TiO2 precursor during deposition, resulting in pillars with hollow cores

of around 39 nm and 43 nm in diameter respectively.

The experimental transmission spectra of the two metasurfaces recorded by the spectrometer

did not exhibit the sharp resonant features predicted in the simulations. One of the possible

explanation is that the 20 nm spectrometer’s resolution spread the transmittance dip of the

resonance over a broader spectral range, this hypothesis is consistent with the results shown after

applying a 20 nm moving average to the simulated spectra, where the features got broadened

and partially suppressed. The modal interference inside the multi-mode fiber may also have

played a role in obscuring the resonance, while the incomplete deposition did not affect the

appearance of the resonant feature.

Starting from the simulations, this first preliminary work could be improved by directly

measuring the actual refractive index values of the deposited material and importing them

inside the software to improve the agreement between simulations and experiment and the

spectral locations of the resonances. Using a single-mode fiber to collect the light and a higher

resolution spectrometer would eliminate the modal interference noise and resolve the narrow

resonant features predicted in the simulations, if present. Moreover, the interferometer can

enable phase characterization along side transmittance, and an interferometric measurement

exploiting both arms of the setup would help in providing a more complete experimental picture

of the studied resonances.

In conclusion, future work on the metasurface for third harmonic generation could investigate

the response of alternative materials, while the developed design still has to be characterized

experimentally to observe THG and validate the field enhancement explored in this work.
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