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Abstract

A metasurface is a single-layer artificial structure composed of specially arranged particles,
which can be configured in size and shape to alter the metasurface’s interaction with the
incident electromagnetic field. The application potential of metasurfaces is vast, as they
offer flexibility in tuning their properties while maintaining an ultra-thin, lightweight coating
structure optimised for specific functionalities.
Among the diverse potential applications, special attention is directed towards the field

of gravitational wave physics. Gravitational wave detectors, which function as advanced
Michelson interferometers, consist of highly sensitive test masses covered with reflective
coatings. The next generation of detectors demands novel coating designs capable of operating
at cryogenic temperatures and exhibiting minimal thermal noise. One potential alternative is a
metasurface coating design that can be tailored to satisfy essential requirements.
This thesis focuses on the development of highly reflective metasurfaces and their exper-

imental realisation. In the framework of the investigation, the target wavelengths for the
high-reflectivity effect are selected to be 1064 nm and 1550 nm, as these are relevant to next-
generation gravitational wave observatories. The thesis presents an analysis and description of
the phenomenon of light reflection from a metasurface, originating from the resonant response
of its constituent nanoparticles. Possible designs incorporating spherical and cylindrical
shapes of nanoparticles are modelled and characterised through numerical simulations (Comsol
Multiphysics) and a semi-analytical multipole approach. Structural optimisation, the integration
of protective and supporting mediums, and their influence on performance and fabrication
imperfections are considered, simulated and discussed throughout the research. On the practical
side, the prototypes of the metasurface structures, composed of polycrystalline silicon cylinders
on a sapphire substrate, have been realised at the selected wavelengths. The realisation process
entails evaluating dimensional parameters based on the measured material properties and using
a fabrication process with electron beam lithography. The characterisation of the fabricated
metasurfaces demonstrates good agreement with the numerically predicted behaviour.
While the primary objective is to achieve near-perfect reflectivity across all configurations,

the developed analytical and numerical methods, along with the fabrication procedure, are also
applicable to the development of metasurfaces with partial reflectivity or full transmissivity.
These theoretical and experimental achievements in metasurface realisation have the prospect
of further development and implementation in the field of gravitational wave physics and other
optical experiments.

Keywords: metamaterial, high-reflective dielectric metasurface, silicon coating, optical
nanostructure, multipole resonant response, mirror effect
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Introduction

All materials on our planet that we observe around us are composed of chemical elements placed
in the well-known Mendeleev’s periodic table. The alloys and combinations of these elements
have allowed humanity to develop materials with remarkable properties, such as enhanced
strength, heat resistance, and transparency to the visible spectrum. With the development of
technology, the demand for unique materials has only increased. This has led to the development
of artificial materials, where the geometry and structure of their internal components play a
key role in achieving the desired characteristics.

Even though the field of materials with periodic structures is a relatively recent development,
emerging in the 20th century, nature has long demonstrated the remarkable potential of
enhancing optical material properties through geometric design. An example is the wings of
butterflies, which exhibit stunning diffraction effects due to nanosize scales arranged in specific
patterns, or peacock feathers, whose vibrant colours result from 2D lattices made of melanin
rods connected by keratin [1]. Inspired by these natural phenomena, we create materials whose
architecture tailors their own complex behaviour and call them metamaterials.

Metamaterials are composed of elements whose position, size, and shape determine the overall
behaviour of the structure. Despite the broadness of this terminology, it typically refers
to periodic structures that operate on a subwavelength scale. For the visible, infrared and
telecommunications wavelength ranges, both the elements and the distance between them
have nanoscale dimensions, which is why metamaterials are commonly termed nanostructures.
Particular research interest among differentmetamaterials is given to single-layer nanostructures
with unique optical properties, called metasurfaces. The attractiveness of the adjustable optical
behaviour of a lightweight metasurface that can be applied to various quantum metrology
experiments drives interest in its in-depth investigation.

This research work is a cumulative dissertation comprising four peer-reviewed publica-
tions on the gradual investigation of metasurfaces, supplemented by additional clarification
chapters.

1 In the thesis text, the terms ‘metamaterial’ and ‘nanostructure’ are used in a manner consistent with the definition
of ‘metasurface’.



2 Contents

Thesis outline

• Chapter 1 explains the motivation behind the research. A target application of metas-
urface mirrors is directed towards an alternative design of mirror coatings for future
gravitational wave detectors (GWDs), where the thermal noise of conventional multilayer
coatings becomes a limiting factor. The chapter overviews gravitational wave (GW)
interferometers, highlighting the specifics of new cryogenic temperature design chal-
lenges. It explores potential materials for mirror substrates and coatings, as well as the
possible strategies to reduce thermal noise. The advantages of metasurfaces over other
coating designs are discussed, along with the rationale for selecting specific metasurface
materials.

• Chapter 2 introduces the theoretical background on metasurface structures. The variety
of metasurfaces can be categorized by dielectric and metallic behaviour based on the
electromagnetic response of the structures to the incident light field. This study focuses
on dielectric particles, providing detailed information on their key material parameters
and scattering principles. This chapter presents a detailed analytical solution to the
reflectivity effect, which begins with an explanation of the Mie scattering theory applied
to a single spherical nanoparticle and culminates in the description of the contributions
of generated dipole moments within the array.

• Chapter 3 provides a detailed metasurface modelling and simulation guideline using
Comsol Multiphysics software. Metasurfaces placed on a substrate or composed of non-
spherical particles are hard to analyse analytically and require a computational numerical
approach. This chapter highlights the particularities of metasurface modelling and
presents the potential validation steps required to ensure the accuracy of the simulation
results.

• Chapter 4 details the steps involved in the fabrication process used to create a silicon
cylindrical metasurface on a sapphire substrate. The selected realisation approach
entails the exploitation of electron beam lithography (EBL) and lift-off techniques
conducted at the Technical University of Denmark (DTU). This chapter also discusses the
supplementary fabrication capabilities accessible at the Laboratory of Nano and Quantum
Engineering (LNQE) in Hannover, which may serve as a valuable resource for future
in-house fabrication procedures.

• Chapter 5 includes all peer-reviewed publications containing all the main results of the
PhD work. Each article is accompanied by an introductory section that highlights the
significance of the study and outlines the logical progression of the research.

• Chapter 6 presents the Conclusion and Outlook. This chapter summarizes the obtained
results from the metasurface investigation and offers perspectives on future research
directions.



Chapter 1

Research Motivation

Metasurface structures have numerous potential applications. These include optical quantum
metrology [2, 3], magnetic resonance imaging [4, 5], optical invisibility [6], communication
systems [7], sensing devices that respond to a light field’s wavelength, polarization, and phase
[8], and many others.

The particular interest in our group "QuantumControl" is directed towards the improvement of
sensitivity in GWDs. The conventional multilayer coatings of future mirror designs exhibit
excessive thermal noise that obscures weak GW signals, making them undetectable. An
alternative design of a single-layer metasurface coating has the advantage of eliminating the
friction between several layers, thereby reducing the thermal noise. This area of application for
the metasurface specifies its particular configuration and material composition, including the
dimensional parameters of the constituent nanoparticles.

A proper application requires, nevertheless, a comprehensive understanding of the operating
principles of the structure. To ensure accurate and effective implementation, it is essential to
develop a solid foundation that includes analysis of general resonant mechanisms, unconven-
tional resonant states and potential challenges that could arise during the design and fabrication
processes. The benefit of this approach is that it also allows for extending the acquired
knowledge to other research fields by tailoring and adapting the structural parameters.

The discussion in this thesis starts with the initial concept, establishing the initial reference
parameters, and then transitions into a thorough investigation of metasurfaces.

1.1 Design innovations for future gravitational-wave detectors

A general overview of the application field, along with recent advancements, is essential for
building an effective investigation plan. It helps estimate potential advantages, disadvantages
and challenges when a new idea arises. This section introduces the reader to the topic of
metasurface application.
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1.1.1 Gravitational waves and gravitational-wave detectors

Gravitational waves are a phenomenon of "ripples" in space-time caused by energetic processes
occurring within the Universe. Their existence was first predicted in 1916 by Albert Einstein in
his general theory of relativity, and only in 2015, after many years of theoretical and technical
work, the first gravitational waves were detected in the Laser Interferometer Gravitational-wave
Observatory (LIGO) in the USA [9]. The first signal ever detected was from a collision of
two massive black holes placed 1.3 billion light-years away. In 2017, the GWs were detected
from a binary of neutron stars [10], that additionally radiated a gamma-ray burst, observed by
the Fermi and Integral satellites [11, 12]. Not so long ago, in 2023, a mysterious observation
was made due to the merger of a neutron star with an unknown compact object that could
be a potential light-weight black hole [13]. There are numerous events and unknown objects,
including binary systems, individual neutron stars, and stochastic background radiation, that
could be discovered due to the possibility of detecting the emitted GWs [14]. This source of
information was previously beyond the reach of existing technology. The potential for detecting
GWs nowadays and analysing the origins of their emergence allows us to look deeper into the
Universe and build a more comprehensive picture of the world.

Figure 1.1.: Simplified schematic of a GW interferometer. The laser beam, after passing the power
recycling mirror (PRM), is split into two arms by a 50:50 beam splitter (BS) and enters
the Fabry-Perot arm cavities, which consist of input test mirrors (ITMs) and end test
mirrors (ETMs). The circulating laser light reflects back and recombines at the BS, creating
an interference pattern sensitive to gravitational waves. The signal then passes through the
signal recycling mirror (SRM), which modulates the sensitivity band. The final transmitted
signal is detected by a photodetector (PD) and processed on a computer cluster. [This figure
is modified from [15]. It is licensed under a CC BY 4.0 international licence. To view a copy
of this licence, visit creativecommons.org/licenses/by/4.0/.]

Telescopes used for detecting GWs are called gravitational wave detectors GWDs. A network
of ground-based detectors is distributed around the globe. The amount of them helps not only

http://creativecommons.org/licenses/by/4.0/
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to confirm the signal with several independent observations but also more accurately to localize
the source of the signal [16]. Moreover, some technical elements installed in the GWDs have
different designs, allowing for a more versatile detection process [17]. Among observatories
that are currently in operation, two are located in the USA, Advanced LIGO Livingston and
Advanced LIGO Hanford [18], one is in Italy - Advanced Virgo Interferometer [19], and one
is in Japan - KAGRA [20]. There is also a small detector, GEO600, and the 10m-PT prototype,
which are used to test new technologies to be implemented for the better versions of the current
detectors or for those which will be built in the future [21–23].

The fundamental principle of operation of ground-based GWDs is similar. It is an "L-shape" km-
scale Michelson interferometer with enhanced sensitivity using multiple resonator techniques
(Figure 1.1). Each arm of the interferometer includes a Fabry-Perot cavity. These cavities consist
of two opposing large massive suspended mirrors, input test mirrors (ITMs) and end test mirrors
(ETMs), that play the role of GW field probe. The generated interference pattern of the laser
light coming from the two arms contains the information about the relative displacement of the
mirror test masses and, therefore, has the information about the signal [24]. The additional
inclusion of a power recycling mirror (PRM), which increases operational laser power circulating
inside of the interferometer, and a signal recycling mirror (SRM), which tunes the frequency
response, amplifies the precision of the detection process [25].

1.1.2 Noise sources

The random fluctuations in the amplitude and phase of the interference pattern, caused by the
noise sources, mask the GW signal and thus decrease the sensitivity of the GWDs. The variety
of the main noise sources is presented in the form of a noise budget taken from the Advanced
LIGO interferometer operating at the laser power of 750 kW in the arm cavities. (Figure 1.2).
The frequency spectrum is conventionally divided into three intervals in accordance with the
limiting factors.

Sensitivity at high frequencies is limited predominantly by relative quantum shot noise arising
from the stochastic Poisson distribution of emitted photons from the laser beam. This variation
of photon number creates detection noise that can be improved with higher laser power and
ultra-low-noise photodetectors in combination with quantum techniques, such as squeezed
light for quadrature phase fluctuations.

The limiting noise sources at low frequencies are seismic motion of the ground, Newtonian noise
and quantum radiation pressure noise. Newtonian noise refers to the random displacement of
test masses caused by fluctuations in the gravity field from the influence of terrestrial sources.
The seismic and Newtonian disturbances can be challenged by better seismic isolation and
control, along with placing the future detectors underground as made for the interferometer of
KAGRA.

Next in the line for low frequencies is quantum radiation pressure noise that also originates
from stochastic photon distribution. Fluctuation in photons leads to correlated displacement or
trembling of test masses, which, in return, creates back-action noise. This can be mitigated by
squeezed light in the amplitude quadrature, implemented by the utilisation of filter cavities to
create frequency-dependent squeezing. It has to be noted that current detectors already employ
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Figure 1.2.: The major noise source contribution to the sensitivity of aLIGO interferometer taken from
the LSC Instrumental Science White Paper (2024) [26].

squeezing techniques around 6 dB for relative shot noise reduction since radiation pressure
noise is not the dominant factor.

The middle-frequency band around a few hundred hertz, which is the most sensitive one, is
limited by the thermal noise of the mirror coatings. Thermal noise is described as a coupling
between mechanical degrees of freedom with stochastic thermal fluctuations of the material. It
can be subdivided into Brownian noise, thermoelastic noise, thermorefractive noise, etc. The
most significant influence on the coating’s thermal noise is attributed to Brownian motion,
which arises from the random microscopic movements of coating atoms. Initially quantified by
Albert Einstein in 1905, Brownian noise is proportional to temperature [27]. Therefore, the
primary strategy for reducing this type of noise is to operate future detectors at cryogenic
temperatures, along with using alternative coating materials.

1.1.3 Future design of European gravitational wave observatory

All of the above-mentioned limiting noise factors are going to be mitigated in the more sensitive
third generation of GWDs within the framework of such projects as Einstein Telescope (ET)
in Europe and Cosmic Explorer in the USA. The forthcoming discussion will be dedicated
exclusively to the ET project.

The ET will feature a novel technical design. As detailed in the design reports [29, 30], the
observatory will be constructed underground and will be composed of three detectors arranged
in a configuration of a triangle. Each detector will comprise two interferometers, with one
maintained at room temperature and the other at cryogenic temperature (Figure 1.3). These
two interferometers are supposed to target different frequency ranges. The room temperature
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Figure 1.3.: The sketch of the ET observatory with three detectors forming an equilateral triangle,
depicted in different colours (red, green, blue). Each detector consists of two interferometers:
one optimised for high frequencies (HF) and the other for low frequencies (LF). [Reprinted
figure with permission from: S. Rowlinson, A. Dmitriev, A. W. Jones, T. Zhang and A. Freise.
‘Feasibility study of beam-expanding telescopes in the interferometer arms for the Einstein
Telescope’. Physical Review D 103.2, p. 023004 (2021). Copyright (2024) by the American
Physical Society. [28].]

interferometer will be optimised for high frequencies and will operate at high laser power to
minimize relevant shot noise. For low frequencies, the interferometer Fabry-Perot cavities will
be kept at cryogenic temperature, around 10-20 K, and will operate at low laser power with a
larger beam spot on the mirrors to reduce thermal and radiation pressure noises. Additionally,
the mirror mass will be increased to approximately 200 kg, and the arm length will be extended
to 10 km. In comparison, the Advanced LIGO mirrors have a mass of 40 kg, and its arms
measure 4 km. These technological innovations will significantly enhance detection sensitivity
and broaden the frequency bandwidth, allowing for the observation of a greater number of
astrophysical events.

1.1.4 Potential substrate materials in cryogenic interferometers

Cooling the optics in a cryogenic temperature interferometer helps to reduce the coating
thermal noise associated with Brownian motion. However, this also impacts the mechanical
properties of the currently used fused silica substrates. Fused silica mirror substrates with
their exceptional properties at room temperature at 1064 nm laser wavelength exhibit excessive
loss at cryogenic temperatures. A large and broad mechanical loss peak has been observed
around 40 K 2. This peak is linked to a double well potential related to the Si-O-Si bonds in the

2 This peak contributes an excessivemechanical loss for the considered operational temperature of the interferometer,
which is around 10-20 K.



8 Chapter 1 — Research Motivation

amorphous structure [31]. It is, therefore, necessary to introduce a new substrate material.

The proposed potential materials for the cooled-down interferometer of the ET project are
sapphire and crystalline silicon.

The current interferometer of KAGRA already uses the benefits of sapphire mirror substrates
operating at 20 K at 1064 nm laser wavelength [20, 32]. Sapphire is a crystalline form of
aluminium oxide (Al2O3) with a hexagonal structure. Having a high Young’s modulus of
400GPa, sapphire exhibits low thermal noise and low mechanical loss factor around 2 × 10−8

[33]. The high thermal conductivity, up to 40W/m × K, enables sapphire to tolerate exposure
of high laser power and efficiently redistribute residual absorption. Additionally, the low
thermal expansion coefficient of approximately 7.5 × 10−13 K−1 at 20 K [34] contributes small
thermoelastic noise [35], making sapphire an excellent material candidate for use in cryogenic
interferometers.

Another potential candidate is crystalline silicon (c-Si). The most remarkable property of this
material is its zero thermoelastic noise at temperatures of 18 and 125 K. The thermoelastic effect
can be explained as a process of volume deformation caused by temperature fluctuations. It is
influenced by the temperature-dependent thermal expansion coefficient, which changes its sign
or crosses the zero value at 18 and 125 K, thereby nullifying the noise [36, 37]. Moreover, c-Si
has high thermal conductivity with a peak around 20 K [38], high Young’s modulus of 188GPa
for [111] crystal orientation [39] and low mechanical noise around 10−9 for crystals at 10 K
[40].

Despite the excellent mechanical and thermal properties of c-Si at cryogenic temperatures, the
optical absorption of a Nd:YAG 3 laser at a wavelength of 1064 nm, due to silicon’s bandgap
of 1.1 eV [38], requires a shift in operation wavelength to the telecommunications range. The
existing advanced laser technology based on Er-fibre 4 lasers creates a 1550 nm wavelength.
At such operational laser light, c-Si absorbs < 5 ppm5/cm [41], making it possible to use laser
power up to 3MW without causing heating in the elements.

The new design of the detectors, low temperatures, the potential wavelength of 1550 nm and
sapphire or c-Si materials for the substrate also require the improvement in the design of a
reflective coating.

1.1.5 Coating materials and designs

There are several core optics in the cryogenic interferometer that necessitate modifications in
their coating design. Among them are the ETMs, ITMs, PRM and SRM. The reflectivity of these
mirror coatings for low-frequency interferometers in the ET project is presented in Table 1.1
[29, 30]:

3 Nd:YAG, or neodymium-doped yttrium aluminium garnet, is a solid-state laser that typically emits light at
1064 nm.

4 Erbium-doped fibre lasers emit at 1550 nm.
5 The unit "ppm" stands for parts per million.



Chapter 1 — Research Motivation 9

Table 1.1.: Reflectivity of different mirror coatings in the cryogenic interferometer of ET.

Mirror Type Reflectivity

ETM 99.994%
ITM 99.3%
PRM 95.4%
SRM 80%

In order to achieve the required high reflectivity, especially for the ETMs, a sufficient amount
of alternate dielectric coating layers of high- and low-refractive-index materials is needed. Con-
versely, from a noise perspective, an increase in the number of layers results in a corresponding
increase in the contribution of Brownian and thermoelastic noise. Additionally, each underlying
layer introduces surface fluctuations that are transitioned to the upper layers. For the increased
operational wavelength to 1550 nm, the thickness of the "Bragg-type" 6 mirror coating will also
proportionally increase, thereby introducing even more thermal noise to the total noise budget
of the future GWDs.

The current Advanced LIGO reflective coating is composed of silicon dioxide (SiO2) layers
alternating with layers of tantalum pentoxide (Ta2O5) doped with 25 % titanium dioxide (TiO2).
It has ∼ 25 doublets (a pair of low and high refractive index materials) for 1064 nm wavelength
[43, 44]. This particular coating is not an optimal candidate for use in cryogenic temperatures,
as it exhibits a peak in the mechanical loss angle at approximately 20K [45]. There are
several proposed new coating designs and optimisation techniques that are currently under
investigation.

The thermal noise arising from the thickest deposited reflective coating on the ETM can be
reduced by a method that employs a short Fabry-Perot cavity as an alternative to a single
substrate [46]. This cavity should be tuned to antiresonance. The first mirror coating will reflect
most of the incident light power and have the least thermal noise, whereas the second mirror
coating will satisfy the reflection requirement but interact with the rest of the transmitted
light.

Another possible way around would be to use several combinations of high- and low-index
materials or change the ratio between the thickness of the layers in order to achieve the strongest
interaction of the incident light field with the least lossy material. The optimisation can be
performed for doping and annealing techniques. In order to inhibit material crystallisation
and increase the annealing temperature, which leads to a reduction in mechanical loss, the
high-index coating layer can be fabricated from a stack of nano-thick layers of two distinct
materials, for instance, TiO2 and SiO2 [47].

Although the variety of possible materials for coating films is plentiful, there are several types
that draw particular attention. Among those are amorphous silicon (a-Si), silicon nitride (SiN)

6 Bragg mirrors are typically composed of layers, with each layer having a thickness of λ/4. The design of LIGO
coatings, however, is more complex, with alternating layers having thicknesses of 3λ/8, λ/8, or (n − 1)λ/n,
or λ/n, depending on the specific design requirements. The non-periodic coatings are designed using genetic
algorithms [42].
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and hafnium dioxide doped with silicon dioxide (HfO2: SiO2). It is important to note that all
these materials belong to the category of amorphous coatings, where atoms are arranged in a
disordered manner. This helps to avoid the formation of crystalline grains, which can lead to
surface roughness and ensures precise thickness control.

a-Si

+ Mechanical loss is 2 × 10−5 [48].
+ High refractive index allows for a thinner coating, resulting in correspondingly
lower thermal noise.
- High optical absorption moves the investigation towards the improvement
of deposition techniques. The lowest absorption achieved corresponds to an
extinction coefficient of k = 1.2 × 10−5 at 1550 nm [49].

SiN

+ Mechanical loss is in the order of 10−5 [50].
+ Refractive index depends on the composition of SiN films and can vary over a
large range, allowing it to be used as a replacement for both low- and high-index
materials.
- High thermal noise

HfO2 :
SiO2

+ Mechanical loss is around 10−3 [51].
+ Low optical absorption.
+ Replacement for low-index coating layer.
- Material dopingwith SiO2 is necessary due to its tendency to partially crystallise
during the annealing process [52].

Instead of amorphous coatings, multilayer single-crystalline coating materials are considered
as a promising alternative. The epitaxial growth of crystalline coatings results in very low
mechanical and thermal losses. Extensive studies of GaAs/AlGaAs have shown the loss value as
low as 5.4 × 10−6 at 20 K [53], along with low optical absorption and scattering at the 1550 nm
wavelength [54]. The primary challenge for this type of coating is that it can only be grown
on GaAs substrates, necessitating a reliable transfer and bonding technique. Additionally,
commercially available substrate wafers on which this coating can be grown are not currently
produced in the sizes required for the next-generation ET mirrors.

Another crystalline coating of interest for sapphire substrates is iron oxide or chromium oxide.
These coatings can be grown directly on sapphire, making them a viable candidate for further
research and investigation.

Currently, no coating type fully meets all the stringent requirements for future cryogenic
interferometers, which include optical absorption of less than < 5 ppm, scattering of < 10 −
20 ppm, and mechanical losses not exceeding 10−5. The metasurface coating investigated in
this thesis can be considered as an additional player in this research field, with its own benefits
in comparison to the existing reflectors.
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1.2 Metasurface as an alternative coating

Metasurface, as a single-layer coating, differs significantly from traditional multilayer coating
designs. Compared to a homogeneous medium layer, a metasurface has a more complex
composition, consisting of particles with defined geometric shapes arranged in a specific order.
The investigation of such coatings presents a number of challenges not only in regard to the
required fabrication and characterisation techniques but also in terms of understanding the
underlying principles involved in the interaction of particles with an electromagnetic wave.

Fortunately, despite this research field emerging relatively recently in the scientific community,
it has already accumulated substantial knowledge to address the development and optimisation
of metasurfaces in the frame of GWDs.

The single-layer configuration of a metasurface has the greatest advantage in avoiding the
introduction of excessive thermal noise, which can be associated with the multiple-layer design
of other coatings. By eliminating the friction between high and low refractive index materials,
the metasurface can be optimised to be extremely light and thin while still maintaining the
required optical performance.

Silicon (Si) is the state-of-the-art material for the fabrication of metasurface particles, available
in various forms such as amorphous, polycrystalline, and crystalline. Independent from the
GW community, silicon-based metasurfaces have gained widespread recognition due to their
exceptional optical properties. Firstly, the high refractive index of Si allows for the fabrication
of nanometer-sized particles across a broad range of near-infrared and telecommunications
wavelengths. Secondly, the dielectric properties of Si ensure the excitation of electric and
magnetic dipole resonant responses, which are key to the reflective properties of the metasurface
layer. Furthermore, existing fabrication techniques are also well-developed for Si nanostructures,
allowing for precise control in the production process. The initial consideration is focused
on the crystalline form of Si. The thermoelastic properties of c-Si at cryogenic temperatures,
combined with its extremely low optical absorption, make it an ideal material candidate for the
nanoparticles in a metasurface.

The refractive indices of the metasurface and the underlying substrate must differ in order
to achieve the reflective effect solely based on the metasurface’s configuration. A greater
difference in refractive indices between the substrate and the nanoparticles minimizes coupling
between the two structures, ensuring that the interaction with incident light is concentrated
predominantly on themetasurface. Concurrently, the bottom substrate should satisfymechanical
loss requirements at cryogenic temperatures. The best candidate for this purpose is sapphire,
which is already used for mirror substrates in KAGRA interferometers.

Sapphire may also be interesting for consideration as a substrate due to the unique property of its
C-plane (0001) surface, which exhibits piezoelectricity comparable to that of bulk piezoelectric
materials [55]. The design of a metasurface sensitive to the modulation of the distance between
nanoparticles can possibly lead to a change in the metasurface reflectivity. This complementary
property may be applicable in devices requiring tunable reflectivity, such as a SRM.

The selected metasurface materials have the most favourable properties suitable for application
in GW interferometry. However, the design optimisation, achievable optical performance,
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manufacturing limitations, and the feasibility of transferring the metasurface onto mirror test
masses are the biggest challenges under question.

The current research primarily addresses the first two challenges, focusing on identifying
metasurface designs capable of achieving high reflectivity. This thesis also covers the first
attempt at the fabrication process, demonstrating that the theoretical analysis and expectations
align fairly well with the experimentally measured results.



Chapter 2

Theoretical Framework

2.1 Artificially structured materials: variety and classification

A metamaterial is an artificially structured material composed of tiny, periodically arranged
components that are smaller than the wavelength of the electromagnetic waves they interact
with. Metamaterials exhibit properties and behaviours that are not found in natural materials,
allowing them to manipulate electromagnetic waves in unusual ways, such as bending light
backwards or achieving a negative refractive index.

The concept of metamaterials has its origins in the theoretical work from the late 1960s, where
the idea of materials with a negative refractive index was first proposed by Viktor Veselago
[56]. However, it wasn’t until 2000 that this concept was experimentally validated by a research
team led by David R. Smith, who demonstrated a metamaterial with a negative refractive index
at microwave frequencies [57]. Although the first years of metamaterial research were focused
exclusively on negative refraction, the terminology was later expanded for all artificial materials
with unique electromagnetic properties.

Metamaterials that modify light behaviour, known as optical metamaterials, occupy a special
place among the various branches of contemporary material research. This field is actively
growing, diversifying into smaller sub-disciplines, such as optical magnetic metamaterials [58,
59], materials with negative refractive index [60, 61], nonlinear optics [62, 63], imaging and
microscopy [64, 65], lensing [66–68], sensing technology [69, 70], artificial chirality [71, 72],
electromagnetic cloaks of invisibility[73, 74], and several more.

This huge variety of metamaterials is commonly categorized into two principal groups: metal
and dielectric metamaterials. This, at first glance, simple categorization must, in fact, be
perceived carefully. Unlike in electronics, where classification is based on electron conduction
and governed by energy bands, the interaction of light with matter is influenced by several
factors. These include the wavelength of the incident light, the size of the particles and material
characteristics, such as permittivity and conductivity.

The optical properties of metal metamaterials are primarily influenced by the collective
behaviour of their free electrons, which respond to the oscillating electric field of light. Having
a negative real part of permittivity, metal nanoparticles made from gold, silver, or other noble
elements support localized surface plasmon resonances (LSPRs) [75, 76]. These resonances are
largely influenced by the particle’s size, shape, composition, and dielectric environment [77].
According to the Rayleigh scattering approximation, the excitation of LSPRs does not impose
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strict size limitations on particles, permitting them as an advantage to be at the subwavelength
scale [78]. However, the dissipative losses in metal nanoparticles restrict their applicability in
optical devices. These losses encompass Ohmic losses, where energy is dissipated as heat due
to the metal’s resistance to the free electron movement; radiative losses, originating from the
re-radiation of energy by oscillating charges; and absorption losses. Characterised by a high
imaginary part of the permittivity, these losses lead to substantial energy dissipation and heat
generation, thus reducing operational efficiency in optical devices. [79].

The discovery of dielectric metamaterials has solved the problem of excessive dissipative losses
and broadened the scope of potential applications. Unlike metal-based metamaterials, dielectric
metamaterials don’t have free-running electrons and can be selected with minimal absorption,
allowing for efficient light manipulation with reduced power loss 7.

The manipulation of light by dielectric metasurfaces is more effective due to the ability of
electromagnetic waves to propagate through the medium. The generation of displacement
currents leads to a pronounced magnetic response, which can be comparable to or greater than
the electric one [80]. In metals, generating a significant magnetic response is challenging and
typically requires high-order plasmonic modes or specific geometrical configurations, such as
split-ring resonators [81] 8.

The real part of permittivity in dielectric particles is positive, and the size of these particles
is strictly constrained by the incident wavelength, their permittivity value and the generated
mode inside of them.

In the selection of the material for dielectric nanoparticles in a metasurface, it is essential to
consider a number of critical aspects. First, a high refractive index is crucial as it enables
strong light-matter interaction, particularly when the nanoparticle is in a medium with a low
refractive index, such as vacuum. This characteristic facilitates the fabrication of small-sized
nanoparticles with sub-wavelength spacing, helping to avoid diffraction effects. Another
property is low optical loss, meaning the material should exhibit minimal absorption at the
operating wavelength. Additionally, the important factor is the compatibility of the material
with fabrication processes, which include material deposition, etching and a process of pattern
creation. Materials that meet these criteria include silicon (Si) [82], germanium (Ge) [83, 84],
tellurium (Te) [85], gallium arsenide (GaAs) [86] and many others [87].

The material selected for nanoparticles in our investigation is silicon, chosen for its dual
advantages in the field of GW physics as well as its benefits in metamaterial applications. From
the perspective of metasurface creation, silicon offers a high refractive index [88] and low
absorption at the near-infrared telecom wavelengths [41]. Additionally, its widespread use
in semiconductor technology makes it an excellent candidate due to its compatibility with
established fabrication processes, such as photolithography and electron beam lithography [89],
along with its proven performance in existing applications.

7 This key aspect was considered at the outset when determining the type of metasurface to be explored.
8 Magnetic response in metal elements is not inherently strong as for dielectric elements and often requires an

intricate design to achieve comparable effects.
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2.2 Scattering and reflectivity principles

The unique behaviour of a dielectric metasurface is attributed to the scattering process of the
constituent individual elements. This process is driven by the electromagnetic field of light,
which induces electric and magnetic multipole moments in nanoparticles, leading to distinct
scattering intensities and specific radiation patterns.

To understand the principles of scattering, let’s consider a single particle illuminated by an
electromagnetic wave. The particle has its own modes that can be excited by incident light and
which can be decomposed into multipole moments. The multipole moments include electric
dipole (ED), magnetic dipole (MD), electric quadrupole (EQ), magnetic quadrupole (MQ), electric
octupole (EO), magnetic octupole (MO) moment, among others. These spherical harmonics
form a basis. The amplitudes and phases of the excited multipole moments are influenced by
the light wave’s frequency and the particle’s size, shape and material properties, in particular,
its dielectric permittivity ϵ and magnetic permeability µ. The excited particle scatters secondary
radiation in various directions, maintaining coherence with the incident wave. This coherence,
along with phase and amplitude variations, leads to constructive or destructive interference,
with the specific patterns of this interference dependent on the observer’s direction and the
particle’s size, shape, and orientation.

The primary focus of this thesis is directed towards the study of perfect reflectivity effect
exhibited by silicon metasurfaces. In terms of power distribution, this effect is characterised by
the behaviour of light, which, after interaction with the metasurface, is completely directed
backwards, with no light observed in the far-field of the transmission area.

However, looking at the scattering process of this phenomenon, particles scatter light in all
directions. To achieve the desired reflectivity effect, the light scattered in the direction of
the incident wave propagation must have a sufficient amplitude and a phase shift of π. This
condition enables the transmitted incident light to destructively interfere with the scattered
light, effectively preventing it from passing through the structure. This situation can be realised
only under the resonant condition of the considered dielectric particles. Additionally, their
precise positioning within the array facilitates destructive interference in the plane of the built
metasurface. As a result, in accordance with the principle of energy conservation, the total
light is reflected back.

The subsequent section 2.4 presents a comprehensive mathematical derivation of the high
reflectivity effect observed in dielectric metasurfaces.

2.3 General concepts on light-matter interaction

The behaviour of reflective metasurfaces cannot be fully understood without first considering
the fundamental principles of light-matter interaction. Before exploring the mathematical
complexity of the scattering process, it is essential to introduce and considerMaxwell’s equations,
which describe how electric and magnetic fields interact with matter. This section also gives
more details about optical material classification based on the response to the incident light
field, outlines the key characterisation parameters and introduces the fundamental laws of
reflection and refraction for bulk materials.
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2.3.1 Maxwell’s equations and material types

Nature consists of various types of material objects that interact with light, causing phenomena
such as reflection, absorption, refraction, lensing, etc. The electromagnetic behaviour of light
and its interaction with matter is described by Maxwell’s equations, which were initially
introduced in 1865 by James Clerk Maxwell [90]. Maxwell’s equations in linear, homogeneous,
isotropic matter can be written in the following International System of Quantities (ISQ) form
[91]:

∇ × H⃗= j⃗cond + ∂D⃗

∂t
Ampère’s equation (2.1)

∇ · D⃗ = ρ Gauss’s law (2.2)

∇ × E⃗= − ∂B⃗

∂t
Faraday’s law (2.3)

∇ · B⃗ = 0 Gauss’s law for magnetism (2.4)

where E⃗ and H⃗ are the electric and magnetic fields, respectively. D⃗ is the electric displacement
field, B⃗ is the magnetic flux density, and ρ is the electric charge density. The conductive current
density is

j⃗cond = σE⃗, (2.5)

where σ is conductivity.

The constituent relations that provide a connection between the incident field and the corres-
ponding dielectric and magnetic material properties, such as polarization (P⃗ ) and magnetization
(M⃗ ), are:

D⃗ = ϵ0E⃗ + P⃗ , (2.6)

B⃗ = µ0(H⃗ + M⃗), (2.7)

where ϵ0 is the permittivity of free space, µ0 is the permeability of free space.

The vectors P⃗ , M⃗ characterise the response of matter to external electric and magnetic fields,
respectively. Their relations to these fields are given by the equations: P⃗ = χeϵ0E⃗; M⃗ = χmH⃗ ,
where χe is the electric susceptibility and χm is the magnetic susceptibility. These relations
modify the equations for D⃗ and B⃗, resulting in:

D⃗ = ϵ0(1 + χe)E⃗ = ϵ0ϵrE⃗ = ϵE⃗, (2.8)

B⃗ = µ0(1 + χm)H⃗ = µ0µrH⃗ = µH⃗. (2.9)

Here, ϵ = ϵ0(1 +χe) is the permittivity, and µ = µ0(1 +χm) is the permeability of the material,
ϵr and µr are relative permittivity and permeability, respectively.

Material behaviour can be attributed to one of three categories of light-medium interaction:
metal, dielectric and semiconductor-type. By considering Maxwell-Ampère equation and
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presenting it in a non-stationary regime as a sum of conductive j⃗cond and displacement j⃗disp
currents, we get:

∇ × H⃗ = j⃗cond + j⃗disp = σE⃗ + ϵ
∂E⃗

∂t
. (2.10)

By defining the ratio of β = |⃗jcond|
|⃗jdisp| , one can distinguish three cases [91]:

• β ≫ 1 (metal)

• β ≪ 1 (dielectric)

• β ≃ 1 (semiconductor)

For periodically varying electric field E⃗ = E⃗0e
iωt:

β = σ

ϵω
. (2.11)

It means that the same material can belong to different types depending on the frequency of
the incident light field and the dispersion of its parameters 9. In this thesis, silicon material
is investigated exclusively in the near-infrared (1064 nm) and telecommunication (1550 nm)
wavelength ranges, for which β ≪ 1.

The equations describing the propagation of the electromagnetic waves in semiconductive
material:

∆E⃗ − ϵµ
∂2E⃗

∂t2
= σµ

∂E⃗

∂t
, (2.12)

∆H⃗ − ϵµ
∂2H⃗

∂t2
= σµ

∂H⃗

∂t
. (2.13)

The first equation can be derived in several steps. By taking the curl of Faraday’s law (2.3) and
using the operation of vector Laplacian ∇ × (∇ × E⃗) = ∇(∇ · E⃗) − ∆E⃗, we get:

∇(∇ · E⃗) − ∆E⃗ = −µ∂(∇ × H⃗)
∂t

. (2.14)

Substituting Gauss’s law (2.2) for no spatial charge (ρ = 0): ∇ · D⃗ = 0, and Ampère’s equation
for the curl of the magnetic field (2.1), the second-order partial differential equation (2.12) for
the electric field vector E⃗ can be obtained. The derivation of the second equation (2.13) for the
magnetic field vector H⃗ follows the same logic.

9 Permittivity ϵ and conductivity σ are frequency-dependent values.
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• Dielectric-type

The electromagnetic wave propagation equations for a homogeneous, isotropic, non-dissipative
and non-dispersive dielectric material, free of charge and conduction currents, take the form:

∆E⃗ − ϵµ
∂2E⃗

∂t2
= 0, (2.15)

∆H⃗ − ϵµ
∂2H⃗

∂t2
= 0. (2.16)

These equations resemble the wave equation: ∆f⃗ − 1
υ2

∂2f⃗
∂t2 = 0, where f⃗ is the disturbance

[92]. The wave equation can also be written using d’Alembert operator: □f⃗ = 0.

The direct comparison gives the information about the speed of the propagating wave, that is
equal to υ = 1/√ϵµ, or in vacuum υ0 = c = 1/√ϵ0µ0.

It is now possible to introduce the refractive index parameter - n. It is equal to the ratio between
the speed of light in vacuum c and the phase velocity of light in the medium υ:

n = c

υ
=

√
ϵµ

√
ϵ0µ0

= √
ϵrµr. (2.17)

For non-magnetic medium (µr = 1): n = √
ϵr.

• Metal-type

For the metal-type material, the displacement current is negligible in comparison with the
conductive current, so the partial differential equations take the form:

∆E⃗ − σµ
∂E⃗

∂t
= 0, (2.18)

∆H⃗ − σµ
∂H⃗

∂t
= 0. (2.19)

The periodically varying electric and magnetic fields E⃗ = E⃗0e
iωt, H⃗ = H⃗0e

iωt satisfy to the
transformation:

∂E⃗

∂t
= 1
iω

∂2E⃗

∂t2
, (2.20)

∂H⃗

∂t
= 1
iω

∂2H⃗

∂t2
. (2.21)

So the same equations can be written as:

∆E⃗ − σµ

iω

∂2E⃗

∂t2
= 0, (2.22)

∆H⃗ − σµ

iω

∂2H⃗

∂t2
= 0. (2.23)
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Denoting ϵ′ = −iσ/ω, the equation can also be referred to as the wave equation, where
υ̃ = 1/

√
ϵ′µ. An important fact is that the permittivity, in this case, is imaginary, making the

phase velocity a complex number.

Accordingly, the wave number is also complex:

k̃2 = ω2

υ̃2 = −iωσµ, (2.24)

k̃2 = k2
1 − k2

2 + 2ik1k2. (2.25)

Comparing imaginary and real parts, k1 = k2 = k =
√
ωσµ/2. The wave number can be

written as:

k̃ = k1 + ik2 = k(1 + i) = 1 + i

δ
, (2.26)

δ =
√

2
ωσµ

, (2.27)

where δ is the penetration depth or skin depth. The skin depth quantifies how quickly the wave’s
amplitude decays as it travels through the conductor. It decreases with the increase in frequency,
meaning that higher-frequency waves penetrate less deeply than lower-frequency waves. The
skin depth also depends on material properties such as conductivity σ and permeability µ.

• Semiconductor-type

For semiconductor-type materials, the equations have the full form. Considering a monochro-
matic wave and previous transformations to the wave equations:

∆E⃗ −
(
ϵ− iσ

ω

)
µ
∂2E⃗

∂t2
= 0, (2.28)

∆H⃗ −
(
ϵ− iσ

ω

)
µ
∂2H⃗

∂t2
= 0. (2.29)

The permittivity for semiconductors is a complex number: ϵ̃ = ϵ + ϵ′ = ϵ − iσ
ω . In this

scenario, the medium exhibits both dielectric and metallic properties. The electromagnetic
field propagates in a semiconductor as a plane, transverse, damped wave, with a phase delay
between electric and magnetic fields.

• Anisotropic medium

There are media in nature that exhibit anisotropy, i.e. they have different properties depending
on the spatial direction. For this type of material, the permittivity and permeability are tensor
quantities. The constitutive relations can be written as:

Di = ϵikEk, Bi = µikHk, i, k = 1, 2, 3. (2.30)



20 Chapter 2 — Theoretical Framework

2.3.2 Reflection and refraction in dielectrics

The basic laws of reflection and refraction in dielectric non-magnetic (µ = µ0) media consist of
three rules.

1. The principle of classical reflection states that the angles of incidence and reflection are
equal. If the incident angle, defined as the angle between the incident ray and the normal to the
surface, is θ, and the reflection angle, defined as the angle between the normal and the reflected
ray, is β, then θ = β.

2. The refraction law, also known as Snellius-Descartes law, describes the behaviour of light as
it passes from one medium into another. If light travels from a medium with a refractive index
n1 to another medium with a refractive index n2, the relation between the angle of incidence θ
(θ ̸= 0) and the angle of refraction γ:

sin θ
sin γ = n2

n1
. (2.31)

3. The law of total (internal) reflection tells if n2 < n1, then at the critical angle, no refraction
occurs, and the incident light is completely reflected at the interface between the two media.

θ > arcsin
(
n2
n1

· sin γmax

)
= arcsin

(
n2
n1

· sin π2

)
= arcsin

(
n2
n1

)
. (2.32)

The behaviour of reflected and refracted components of a linearly polarized plane wave can be
described by Fresnel’s equations. Let’s denote r and t as the complex amplitude coefficients for
reflection and transmission, respectively. Linearly polarized light can be decomposed into a
parallel component (p-polarization) or a perpendicular component (s-polarization) with respect
to the plane of incidence.

tp = 2n1 cos θ
n1 cos γ + n2 cos θ ; (2.33)

ts = 2n1 cos θ
n1 cos θ + n2 cos γ ; (2.34)

rp = n1 cos γ − n2 cos θ
n1 cos γ + n2 cos θ ; (2.35)

rs = n1 cos θ − n2 cos γ
n1 cos θ + n2 cos γ . (2.36)

Or using Snellius-Descartes law, the system can be written as:

tp = 2 sin γ cos θ
sin(θ + γ) cos(θ − γ) ; (2.37)

ts = 2 sin γ cos θ
sin(θ + γ) ; (2.38)

rp = tan(θ − γ)
tan(θ + γ) ; (2.39)

rs = −sin(θ − γ)
sin(θ + γ) . (2.40)

Fresnel’s equations are important as they describe the relation between s- and p-polarization
of electromagnetic waves in reflection and refraction phenomena. Particular attention is
drawn to the Brewster angle, at which p-polarized light is perfectly transmitted through a
medium-separating surface, resulting in no reflected light. This occurs when the reflected
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and refracted rays are at 90 degrees to each other. The Brewster angle can be found using the
following relation:

tan γB = n2
n1
. (2.41)

For light incident at a normal angle of incidence (θ = 0), the angle of refraction γ will also be
0 degrees. At normal incidence, the Fresnel reflection coefficients for perpendicular (s) and
parallel (p) polarizations are identical because the polarization does not affect the reflection.
Therefore, for both s- and p-polarizations:

r = n1 − n2
n1 + n2

. (2.42)

The amplitude transmission coefficient can be derived in the case of the absence of absorption
using the equation: t2n2/n1 = 1 − r2. Substituting the value r:

t = 2n1
n1 + n2

. (2.43)

2.3.3 Polarizability

The material properties can also be described on a much smaller scale, related to the electric
field experienced by each atom or molecule within the medium. Let’s consider an external
electric field E⃗ applied to the material. Each atom or molecule experiences a distortion of
its electric field due to contributions from both the external field and the fields generated by
neighbouring atoms or molecules. This resulting field is called the local electric field, denoted
as E⃗loc = E⃗ + P⃗ /(3ϵ0), where P⃗ is the polarization vector. The atom or molecule becomes
polarized, meaning it exhibits a separation of positive and negative charges, which is described
by the microscopic electric dipole moment, p⃗j . The relation between the microscopic electric
dipole moment and the local electric field is p⃗j = αjE⃗loc, where αj is known as the atomic or
molecular polarizability. Polarizability is an intrinsic characteristic, representing the tendency
of an atom or molecule to become polarized in response to the induced local electric field.

From the previous equations, the polarization of medium can be expressed macroscopically as
P⃗ = χeϵ0E⃗, where χe is the electric susceptibility. The polarization vector can also be defined
in terms of microscopic parameters: P⃗ =

∑
j Nj p⃗j =

∑
j NjαjE⃗loc, where Nj is the number

of polarized objects per unit volume. Equating the right-hand sides of these equations, the
relation between the electric susceptibility and the atomic polarizability is:

χeϵ0 =
∑

j

Njαj

(
1 + χe

3

)
. (2.44)

Or by using the relation between susceptibility and relative permittivity, χe = ϵr − 1, the
Clausius-Mossotti relation can be derived:

εr − 1
εr + 2 =

∑
j Njαj

3ε0
. (2.45)
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The equation 2.45 can be applied to determine the effective dielectric permittivity of metamater-
ials consisting of individual elements [93, 94].

Polarizability of macroscopic objects is related to atomic polarizability as: α =
∑

j Njαj .

Moving on to a more particular case, such as the calculation of the EDmoment for a macroscopic
object, such as a dielectric particle of a metasurface, the local electric field E⃗loc is averaged
across many atoms. This averaging leads to the approximation that the local electric field is
nearly identical to the macroscopic external electric field E⃗. Therefore, the induced ED moment
for a particle is described by p⃗ = αpE⃗, where αp is the electric dipole polarizability. Similarly,
the induced MD moment is given by m⃗ = αmH⃗ , where αm is the magnetic dipole polarizability.
In this context, higher-order moments are not considered.

2.4 Reflectivity formalism based on scattering principles for
metasurfaces

The interaction of a metasurface with incident light can be described using two different
approaches. One of these approaches can be generalized purely based on the collective
behaviour of metasurface elements. In this approach, the metasurface is treated as a standard
homogeneous material characterised by its unique effective permittivity and permeability,
which follow the classical laws mentioned in the previous sections (2.3.2, 2.3.3). The effective
values of permittivity and permeability can be empirically determined during the metasurface
experimental characterisation [95]. In practice, however, this approach is limited to revealing
the essential effective parameters.

The methodology presented in the following chapters of this thesis considers the individual
response of each particle to the incident light field and the resulting scattering process. Thus,
the behaviour of the metasurfaces is described by the sum of all particle responses. In this
approach, the optical behaviour explicitly depends on the shape, size, and position of each
individual element [96].

The problem of reflection of a metasurface can be solved completely analytically if this
metasurface consists of spherical particles in a homogeneous medium. For more complex
particle shapes, such as cylinders, cuboids, prisms, and so on, particularly placed in a non-
uniform surrounding medium, numerical techniques are commonly employed. Numerical
calculations partition each geometrical figure into discrete subelements, termed mesh elements.
For each mesh element, Maxwell’s equations are solved along with appropriate boundary
conditions. Then, the solutions from all mesh elements are integrated into a general solution,
which details how the electric and magnetic fields are distributed inside and outside the
particle.

In order to understand the principles of metasurface reflectivity and to use logical interpretation
and verification of the resulting simulations for real systems, it is essential to consider an
analytical approach for the simplest case. The simplest case is an infinite metasurface comprised
of periodically arranged spherical particles placed in a homogeneous medium. The following
subsections demonstrate the derivation of the reflectivity power coefficient of such ametasurface
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using Mie theory that describes the electromagnetic plane wave scattering by a homogeneous
spherical particle [97].

There are formally several steps in our approach:

1. It begins with the calculation of Mie scattering electric an and magnetic bn coefficients.
The incident and scattered field, as well as the field inside of a particle, can be presented
as a superposition of vector spherical harmonics (M⃗, N⃗ ), weighted by the appropriate
coefficients. The first step is to define the coefficients an and bn responsible for the scattering
process due to the excited electric and magnetic multipole moments.

2. The second step shows how to link the polarizabilities to the appropriate Mie scattering
coefficients. For that purpose, we choose the consideration of only electric and magnetic
dipole moments and delve into the mathematical form of the electric field representation.

3. After that, the transition from a single particle to the infinite periodic array is demonstrated.
This step shows how to derive the effective polarizabilities of a metasurface, considering the
identical nature of all constitutive particles.

4. Finally, the reflection and transmission coefficients are derived by integrating the information
about the scattering process with the continuity condition of the electric field at the interface.

2.4.1 Scattering coefficients in Mie theory

Mie theory provides an exact solution to Maxwell’s equations for spherical particles of all
material types and sizes. This theory was formulated and contributed by such scientists as
Alfred Clebsch (1833-72), Ludvig Lorenz (1829-91), Gustav Mie (1868-1957) and Peter Debye
(1884-1966) [98]. Mie theory was originally implemented for homogeneous isotropic metallic
spherical particles but was further extended for application to dielectric spherical particles and
even to spheres with complex structures, such as those with outer shells [99, 100] and varying
dielectric constants [98].

The general comprised formalism presented in this section is taken from the book of C. Bohren
and D.Huffman [97], and several papers discussing the analytical approach [96, 101–104].

The model consists of a dielectric spherical particle with a diameterD and a complex refractive
index ñs = ns + in′

s. The particle is embedded in a non-absorbing, homogeneous, infinite
medium with a refractive index equal to nd. The position of the sphere is at the origin of the
coordinate system. A plane electromagnetic wave of frequency ν irradiates the sphere in the
z-direction: E⃗i = E⃗0e

i(kdz−2πνt) 10, kd is the wave number in the surrounding medium. The
magnetic field of the incident light H⃗i is related to the electric field E⃗i through Maxwell’s
equations. The corresponding wavelength of the incident wave inside of the medium is
λd = 2π/kd = λ0/nd, where λ0 is the wavelength in vacuum.

Mie theory provides detailed information about the electromagnetic field distribution resulting
from the interaction of incident light with a spherical particle. In particular, this theory allows

10 Following the method used in the book of C. Bohren and D. Huffman, the exponent of the electric field is taken
with a negative sign e−2πνt = e−ωt. The imaginary part of the electric field in the previous section is positive
eωt.
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for the analytical calculation of the scattered light field (E⃗r, H⃗r) and the field within the sphere
(E⃗g, H⃗g). The scattered wave has a complex electric E⃗r and magnetic field H⃗r, and directed
along the vector e⃗r defined by polar and azimuthal angles (θ, ϕ), respectively. The z-axis and
the vector e⃗r define the scattering plane.

The incident (E⃗i, H⃗i), scattered (E⃗r, H⃗r) and the field inside of a spherical particle (E⃗g, H⃗g) can
be decomposed by basis vectors, that are presented as vector spherical harmonics M⃗ and N⃗ ,
multiplied to the necessary coefficients.

The decomposition for the scattered field is:

E⃗r =
∞∑

n=1
E⃗n(ianN⃗

(3)
en − bnM⃗

(3)
on ), (2.46)

H⃗r = kd
2πνµd

∞∑
n=1

E⃗n(ibnN⃗
(3)
on + anM⃗

(3)
en ), (2.47)

where µd is the permeability of the surrounding medium. The subscripts e and o denote "even"
(cos) and "odd" (sin) spherical harmonics. The superscript (3) defines the radial dependence of
the vectors specified by the spherical Bessel functions of the third kind.

The functions an and bn, known as Mie scattering coefficients, are the quantities we are looking
for. They contain information about the particle size, optical properties and, as a consequence,
define the response to the incident electromagnetic wave.

To derive explicit expressions for the scattering coefficients, we assume that the incident wave
E⃗i, H⃗i is fully known. Additionally, the fields must satisfy the boundary conditions at the
interface between the sphere and the surrounding medium:

(E⃗i + E⃗r − E⃗g) × e⃗r = (H⃗i + H⃗r − H⃗g) × e⃗r = 0. (2.48)

The initial condition and the boundary conditions provide all the necessary information to
derive the coefficients for the scattered field and the field inside the particle. As the focus of
this study is on the scattering process, the scattering coefficients are given by:

an = wψn(wx)ψ′
n(x) − ψn(x)ψ′

n(wx)
wψn(wx)ξ′

n(x) − ξn(x)ψ′
n(wx) , (2.49)

bn = ψn(wx)ψ′
n(x) − wψn(x)ψ′

n(wx)
ψn(wx)ξ′

n(x) − wξn(x)ψ′
n(wx) , (2.50)

where
w = ns

nd
+ i

n′
s
nd

; x = πD

λd
= πDnd

λ0
. (2.51)

The parameter w represents the complex relative refractive index of the particle with respect
to the medium, and x quantifies the relative size of the sphere compared to the wavelength.
The ψn and ξn are called Riccati-Bessel functions, and their derivatives ψ′

n and ξ′
n are taken in

respect to the arguments x or wx.
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It is important to note that when the relative refractive index is w = 1 + i0, indicating that
the sphere has the same refractive index as the surrounding medium, the coefficients an and
bn are zero for all n. Under this condition, no scattering occurs. This observation highlights
that scattering is caused by differences in indexes of refraction between the particle and the
medium.

The essential relations of Mie theory are also presented in terms of scattering and extinction
cross-sections, designated as σsc, σex, respectively. The scattering cross-section is a measure of
the effective area for scattering light. The extinction cross-section quantifies the total effective
area over which a particle contributes to both scattering and absorption.

σsc = 2π
k2
d

∞∑
n=1

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

)
, (2.52)

σex = 2π
k2
d

∞∑
n=1

(2n+ 1) ℜ(an + bn), (2.53)

where ℜ denotes the real part of the argument.

In order to be independent of the size of a particle, it is common practice to sometimes use
the dimensionless parameter of the efficiency. Scattering efficiency, Qsc, is defined as the
ratio of the scattering cross-section, σsc, to the geometric cross-sectional area of the particle,
πD2/4: Qsc = 4σsc/πD2. This parameter quantifies how effective a particle is at scattering
light relative to its size. This concept is similarly applied to the extinction efficiency Qex.

2.4.2 Relation between scattering coefficients and polarizability

Polarizability is an intrinsic property of a particle that quantifies its response to an external
electromagnetic field, leading to the generation of multipole moments. As it also depends on
the particle characteristics, it is directly related to the Mie scattering coefficients.

By investigating the Mie scattering coefficients (an, bn) and the decomposition of the scattered
electromagnetic field (E⃗r, H⃗r) in the basis of vector spherical harmonics, it was revealed that
the index n defines the multipole order. In other words, n = 1 corresponds to the dipole
term, n = 2 - to the quadruple term, and so on. Moreover, it was shown that the coefficient
an describes the electric response, while bn - the magnetic response. As a consequence, the
coefficient a1 represents the ED moment of a spherical particle, b1 - the MD moment, a2 - the
EQ moment, b2 - the MQ moment, etc.

In order to establish the connection between polarizability and the Mie scattering coefficients,
it is necessary to present the equation 2.46 in the spherical coordinate system [101]:

Er
θ = E0

ieikdr

kdr
cosϕ

∑
n

2n+ 1
n(n+ 1)

(
an
dP 1

n

dθ
+ bn

P 1
n

sin θ

)
, (2.54)

Er
ϕ = E0

eikdr

ikdr
sinϕ

∑
n

2n+ 1
n(n+ 1)

(
an

P 1
n

sin θ + bn
dP 1

n

dθ

)
, (2.55)
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where P 1
n is the set of associated Legendre polynomials of the first order.

If the previously discussed parameter x (Equation 2.51), which defines how small or large the
particle is in comparison to the incident wavelength, is approximately equal to (π/ns), then
only a few terms of multipole decomposition are needed to accurately approximate an and bn

Mie coefficients. This means that the whole scattering process can be explained by ED and MD
resonant responses within the nanoparticle.

Let’s consider the EDmoment (n = 1) with theMie scattering coefficient a1. The first associated
Legendre polynomial is related to the 1st derivative of the corresponding Legendre polynomial
Pn

11:

P 1
n(x) =

(
1 − x2

)1/2 dPn(x)
dx

, (2.56)

where x = cos θ. Then P 1
1 (cos θ) = sin θ, dP 1

1 /dθ = cos θ. The equations for the polar (2.54)
and azimuthal (2.55) components can be rewritten as:

Er
θ,n=1 = E0

ieikdr

kdr
cosϕ3

2a1 cos θ, (2.57)

Er
ϕ,n=1 = E0

eikdr

ikdr
sinϕ3

2a1. (2.58)

On the other hand, a general dipole representation of the radiated electric field in far-field
approximation can be expressed as:

E⃗p⃗(r⃗) = k2
0

4πϵ0
eikdr

r
[êr × [p⃗× êr]] , (2.59)

where êr = r⃗/r is a unit vector. In the spherical coordinate system, it is given by: êr =
(sin θ cosϕ, sin θ sinϕ, cos θ). The vector of the ED is p⃗ = αpE⃗0. For the vector E⃗0 directed
along the x-direction: px = αpE0. The wave number in the surrounding medium is related to
the wave number in vacuum by relation k2

d = k2
0ϵd, where ϵd is the relative permittivity of the

surrounding medium. The spherical components of this equation are [104]:

E
p
θ = k2

d
4πϵ0ϵd

eikdr

r
px cosϕ cos θ, (2.60)

E
p
ϕ = k2

d
4πϵ0ϵd

eikdr

r
(−px sinϕ). (2.61)

The comparison of the right sides of the equations, either for the polar or for the azimuthal
component, gives the relation between the ED polarizability αp and the electric Mie coefficient
of the first order a1:

αp = i
6πϵdϵ0
k3
d

a1. (2.62)

11 In some mathematical reference books, the first associated Legendre polynomial P 1
n is defined with a negative

sign. However, we follow the definition provided in the book of C. Bohren and D. Huffman, which uses a positive
sign.
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The same methodology can be applied to the derivation of the MD polarizability:

αm = i
6π
k3
d
b1. (2.63)

It should be noted that the units of the two polarizabilities are different. The unit of ED
polarizability is [ϵ0m3], while the unit of MD polarizability is [m3]. The information about
polarizabilities leads to the direct calculation of the excited ED and MD moments created by
the external field.

2.4.3 Electric and magnetic dipoles for a periodic structure

Having considered the behaviour of a single nanoparticle, we now turn to an examination of a
periodic array of spherical particles of identical size and position relative to each other. The
whole array can be simplified to one repeatable in the x- and y-direction unit cell. For this
configuration, it is possible to derive the ED and MD moments for every particle in the array.

The ED moment of a single particle created by the incident plane wave E⃗i = E⃗0e
ikdz is equal to

p⃗ = αpE⃗i. If the particle is placed in the array, the external electric field consists not only of the
falling light but also of the fields created by the EDs of the other particles. Assume that every
particle has a number and the number of the particle of interest is 1, the electromagnetic wave
has a normal angle of incidence to the plane of the array and illuminates all spheres equally.
Then the created ED of this particle is p⃗1 = αp(E⃗i + E⃗2 + E⃗3 + ...).

At the same time, the fields generated by other particles can be expressed using Green’s tensor
Ĝ(r⃗1, r⃗j) that is a function of the position of the particle number 1 relative to the others.

p⃗1 = αp

(
E⃗i + k2

0
ϵ0
Ĝ(r⃗1, r⃗2)p⃗2 + k2

0
ϵ0
Ĝ(r⃗1, r⃗3)p⃗3 + . . .

)

= αp

E⃗0 + k2
0
ϵ0

∞∑
j ̸=1

Ĝ(r⃗1, r⃗j)p⃗j

 . (2.64)

For the infinite metasurface, where all particles are illuminated equally, the dipoles induced in
each particle are the same: p⃗1 = p⃗2 = ... = p⃗.

If the incident plane wave E⃗0 is polarized in the x-direction, the created dipoles and the
contributing parts of the radiated fields are also oriented along the x-axis. Moreover, the impact
of nearby dipoles oriented in the x-direction to a certain distance can be neglected, allowing for
an approximation of Green’s function:

Spp = k2
0
ϵ0

∑
j ̸=1

Gj
xx

= k2
0

4πϵ0

∑
j ̸=1

eikdrj

rj

(
1 + i

kdrj
− 1
k2
dr

2
j

−
x2

j

r2
j

−
i3x2

j

kdr
3
j

+
3x2

j

k2
dr

4
j

)
.

(2.65)
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Then, the ED moment created in particle number 1 can be rewritten as:

p⃗ = αpE⃗i + αpSppp⃗, (2.66)

p⃗ = αeff
p E⃗i. (2.67)

The coefficient αeff
p = αp/(1 − αpSpp) is called effective electric dipole polarizability of the

array. The same is applicable for the magnetic dipole moment:

m⃗ = αeff
m H⃗i, (2.68)

where αeff
m = αm/(1 − αmSmm) is the effective magnetic dipole polarizability of the array, Smm

is the sum of Green’s functions in y-direction for magnetic dipole moments. Note that due
to the symmetrical properties of the metasurface and irradiation conditions, the MDs do not
interact with the EDs of the particles.

2.4.4 Reflectivity and transmissivity of a metasurface made of spheres

The electric field at distance r⃗ from the particle array is considered in the far zone and has a
contribution from both electric p⃗ and magnetic m⃗ dipole moments. The incident plane wave
Ei propagates along the z-axis and has polarization along the x-axis 12. The particle array is
oriented in xy-plane and positioned at the point of z = 0. The total electric field at any point
outside of the array is:

Etot = Ei + Ep + Em = E0

[
eikdz + αeff

p
k2

0
ϵ0
Gr

xx − iαeff
m kdg

r
z

]
, (2.69)

Gr
xx = i

2SLkd
e∓ikdz; gr

z = ±1
2SL

e∓ikdz, (2.70)

where SL is the area of the array unit cell; Ep and Em are the electric fields of the waves
radiated by the ED and MD moments, respectively. The upper sign of gr

z corresponds to z < 0
and refers to the reflected field. The lower sign to z > 0 is the transmitted field.

For the normal angle of incidence of the electromagnetic wave, the condition of continuity for
the electric field at the metasurface plane requires:

Ei + Er = Et, (2.71)

where Er = E0re
−ikdz is the reflected electric field and Et = E0te

ikdz is the transmitted
electric field. The contributing parameters r and t are the electric field amplitude reflection and
transmission coefficients.

For z < 0: Ei + Er = Etot, which, after substituting Etot, results in Er = Ep + Em. The
expression for the amplitude reflection coefficient is then:

r = Ep(z < 0) + Em(z < 0)
E0e−ikdz

= iαeff
p
k2

0
ϵ0

1
2SLkd

− iαeff
m
kd

2SL

= ikd
2SL

[ 1
ϵdϵ0

αeff
p − αeff

m

]
.

(2.72)

12 The vector sign is omitted to simplify the calculations.
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For z > 0: Et = Etot, or Et = Ei +Ep +Em. The amplitude transmission coefficient can be
found as follows:

t = Ei(z > 0) + Ep(z > 0) + Em(z > 0)
E0eikdz

= 1 + iαeff
p
k2

0
ϵ0

1
2SLkd

+ iαeff
m
kd

2SL

= 1 + ikd
2SL

[ 1
ϵdϵ0

αeff
p + αeff

m

]
.

(2.73)

The effective polarizabilities in the following equations can be replaced by the corresponding
dipole moments: px = αeff

p E0,my = αeff
m E0. In order to replace, let’s remember the relation of

the magnetic and electric field: Hr = (ϵdϵ0/µ0)1/2Er, and the speed of electromagnetic wave
in surrounding nonmagnetic medium: the υd = 1/√ϵdϵ0µ0. Then, one can obtain:

r = ikd
E02SLϵdϵ0

[
px − 1

υd
my

]
, (2.74)

t = 1 + ikd
E02SLϵdϵ0

[
px + 1

υd
my

]
. (2.75)

The reflection and transmission power coefficients are the square of the corresponding amplitude
coefficients: R = |r|2, T = |t|2. Absorption coefficient A = 1 −R− T .

Following this logical consequence, the reflectivity and transmissivity of an array of spherical
particles embedded in a homogeneousmediumcan be derived using purely analytical calculations.
This step-by-step investigation clarifies the mechanism of reflectivity and establishes a robust
framework for comparing the numerical simulations to the analytical solutions.

2.5 Unconventional resonant states

Investigating the effect of metasurface reflectivity, it is unavoidable to acknowledge two unique
phenomena: the Kerker effect and the Anapole state. The Kerker effect is the phenomenon of
high transmissivity, which plays the inverse role in the desired reflectivity search. In contrast,
the anapole state is defined as a non-radiative state and can be manipulated to observe reflection
at a single multipole moment. The following section provides a comprehensive examination of
both states.

2.5.1 Kerker effect

The Kerker effect refers to a specific condition, where the electric and magnetic dipole responses
of a particle destructively interfere in the direction of backscattering, enhancing scattering
in the forward direction. In the context of a metasurface, this phenomenon leads to a high
transmissivity of the incident light field with an accumulated phase shift (0; 2π).

The mathematical description of the Kerker effect can be demonstrated through the equations
for the reflectivity and transmissivity coefficients, as referenced in equations (2.72),(2.73). The
suppression of back-scattered light occurs when the effective electric and magnetic polarizabilit-
ies are equal, implying that both their real and imaginary parts coincide: ℜ(αeff

p /ϵdϵ0) = ℜ(αeff
m )
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and ℑ(αeff
p /ϵdϵ0) = ℑ(αeff

m ). At this operational point, the amplitude reflection coefficient
r is nullified, resulting in total transmission of the metasurface. The phase information of
the transmitted light field is contained in the imaginary part of the amplitude transmission
coefficient and can vary within the range (0, 2π).

This mathematical equality is illustrated in Figure 2.1 by black arrows [102]. The graph shows
the behaviour of the electric and magnetic effective polarizabilities of a spherical Si nanoparticle
as a function of wavelength. The nanoparticle is part of an infinite array of identical spheres
symmetrically arranged along the x- and y-axes, with each sphere positioned in a square unit
cell. The blue lines represent the imaginary component of the effective polarizabilities, while
the red lines represent the real component. From the graph, it can be observed that the real
and imaginary parts of the electric and magnetic effective polarizabilities coincide at the point
indicated by the black arrows, marking the Kerker effect.

Figure 2.1.: Effective polarizability spectra of the infinite metasurface made of spherical Si nanoparticles.
[Reprinted figure with permission from: A. B. Evlyukhin, C. Reinhardt, A. Seidel, B. S.
Luk’yanchuk and B. N. Chichkov. ‘Optical response features of Si-nanoparticle arrays’.
Physical ReviewB—CondensedMatter andMaterials Physics 82.4, p. 045404 (2010). Copyright
(2024) by the American Physical Society. [102].]

The full counterbalance of effective polarizabilities for a spherical nanoparticle placed in a
square unit cell is always achieved at a non-resonant regime. This happens due to the spectrally
separated electric and magnetic dipole resonant responses. The resonant Kerker effect was
shown for the spheres placed in the rectangular unit cell, which allows manipulation of the
spectral position of resonances, bringing them into a state of overlap.

The full counterbalance of the effective polarizabilities for a spherical nanoparticle placed in
a square unit cell is always achieved in a non-resonant regime due to the spectral separation
of the electric and magnetic dipole resonant responses. However, the resonant Kerker effect
has been demonstrated for a metasurface composed of spheres placed in rectangular unit cells.
Varying the distance between nanoparticles in the direction perpendicular to the electric field
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of the incident light can lead to the spectral overlap of the particle responses. The details of this
investigation are presented in the following paper [105].

Another way to achieve the resonant Kerker effect is to use a cylindrical configuration of
nanoparticles [106]. While the unit cell of such nanoparticles can be square, the additional
geometrical parameter, such as the height of the cylinders, allows overlapping of the resonant
responses of the ED and MD moments.

It is interesting to note that the transmitted light field at the resonant Kerker effect has a phase
shift of π, while off-resonance, it can take values within the range (0;π)∪ (π; 2π), excluding the
values of 0 and π [96]. This implies that even when creating a perfect optical cloaking effect,
where the light is fully transmitted, the presence of the metasurface can still be detected by
measuring the phase information.

The Kerker effect created by the ED and MD moments is mentioned and discussed in the
research papers of this thesis. Particularly, it was considered for the metasurfaces with a
cylindrical configuration of nanoparticles, where avoiding a specific cylindrical height allows
for achieving the desired reflectivity.

2.5.2 Anapole state

The anapole state is a non-radiating effect that, despite the excitation of multipole moments
and the existence of the corresponding currents inside of the nanoparticle, does not exhibit any
backward or forward scattering. This unique state can be achieved for the scattering processes
with comparable strength and the same distribution pattern in the far field. However, the
phases of the scattered light from the multipoles must be opposite to destructively interfere in
order to make the excitation invisible.

A single spherical particle can have the anapole state for the exact electric dipole moment,
which in the multipole decomposition of radiation fields can be expressed as the sum of the
electric dipole ED and toroidal dipole (TD) moments. TD moment corresponds to currents
flowing around the surface of a sphere, also known as poloidal currents. ED and TD modes
have identical scattering patterns at the far field, which, in the case of their spatial overlap and
opposite phase, can cancel each other (Figure 2.2). The near-field, though, as well as the field
inside of the sphere, is strongly pronounced, having the electric and magnetic currents within it.
Such a state can be achieved by a careful geometrical design and material choice of the particle,
and it is attractive due to its unique properties of a long lifetime and high-quality factor [107].

Particles in the anapole state can be periodically arranged to form a metasurface so that the
distance between them is sufficient not to deteriorate the anapole effect 13. This metasurface
can be tuned to exhibit either high transmission or high reflection behaviour, depending on
the additional excited multipole moments. When the anapole state is spectrally isolated from
the other multipole moments, the metasurface can function with high transmissivity. The
transmitted light undergoes a phase accumulation of 2π, indicating that the metasurface is
effectively invisible even by the detection of phase information. Alternatively, if the metasurface
is tuned to a resonant response of the MD, it can achieve total reflection, which is characterised

13 Particles are placed so far apart that the near field does not interact.
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exceptionally by the MD particularities. The magnetic mirror effect aligned with the anapole
state is investigated in detail in one of our papers.

Figure 2.2.: The schematic of anapole excitation. Destructive interference between the far-field radiation
of the electric dipole (ED) and toroidal dipole (TD) moments leads to the cancellation of
the scattering process, resulting in the formation of the anapole state. In the near-field, the
excitation is non-zero and includes the circulating magnetic field M⃗ associated with the TD
moment. [This figure is adapted from [107]. It is licensed under a CC BY 4.0 international
licence. To view a copy of this licence, visit creativecommons.org/licenses/by/4.0/.]

The anapole effect also exists as a collective lattice behaviour and is referred to as the lattice
anapole state [96, 103, 108]. In lattice structures, the compensation of scattered light at this state
should occur only in the directions of transmission and reflection to achieve "lattice invisibility."
This compensation happens only among multipole moments that share the same inversion
symmetry.

The terminology of inversion symmetry can be explained in the following way. The multipoles
that are unaffected by a change in the spatial vector, or in other words, are symmetric under
inversion, are called even. Among them are the MD, EQ, MO moments. The multipole moments
that are asymmetric under inversion are called odd and include the ED, MQ, and EO moments.
The simultaneous excitation of multipole moments with the same inversion symmetry can
result in destructive interference of scattered light in the far field.

The investigation of the lattice anapole state is not addressed in this thesis, although it represents
an avenue worthy of further research in the future, particularly in the context of the functionality
of metasurfaces.

http://creativecommons.org/licenses/by/4.0/


Chapter 3

Simulation of Metasurfaces using
Comsol Multiphysics

Computational simulation is a powerful tool that serves as a bridge between theoretical
predictions and experimental validations. Real-world systems are often highly complex and
cannot be predicted analytically with sufficient accuracy. In addition, most systems cannot
be easily replicated and studied experimentally without proper planning. Simulation tools
are ideal for this purpose, modelling scenarios that closely resemble realistic cases, helping to
prepare for experiments, and minimising potential failures. It is also important to ensure that
all three methods - analytical calculation, simulation and experiment - deliver consistent results
and do not contradict each other. This increases the reliability of the conducted research and
supports a comprehensive investigation.

The current system of interest is investigated using the Comsol Multiphysics program that
supports the finite elementmodelling (FEM) approach. FEM is a numerical technique used to find
an approximate solution to a complex problem described by partial differential equations (PDEs)
over a defined domain. In FEM, the investigated domain is split down or discretized into smaller,
simpler pieces called finite elements. These elements are interconnected at points called nodes.
The real solution to a problem is approximated by solving the PDEs within each finite element,
by ensuring that the solutions at the nodes of these elements are continuous. After that, the
technique assembles these local solutions to form a final global solution.

Domain discretization is a fundamental step in the FEMprocess. The accuracy of the chosen finite
elements influences the correctness of the solution and optimises the required computational
effort. Additionally, each of the finite elements has to be approximated with the same shape
functions as the one used for the solution. This means that if the problem contains PDEs
with the second derivative term, each of the finite elements has to be approximated with the
second-order (quadratic) function (Figure 3.1).

The package to investigate the interaction between electromagnetic wave fields and structures
in Comsol Multiphysics is called the Electromagnetic Waves, Frequency Domain package. This
package employs Maxwell’s equations in the frequency domain to model and analyse how
electromagnetic waves propagate, interact with materials, and affect the structure within a given
domain. Its features are perfectly suited for the investigation of metamaterial structures.

14 For a comprehensive understanding of the "Simulation" chapter, it is recommended to read it in conjunction with
the running Comsol Multiphysics program.
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Figure 3.1.: The approximation functions of the first order (linear) and of the second order (quadratic) for
a finite element. [Adapted from https://www.comsol.com/blogs/keeping-track-of-element-
order-in-multiphysics-models.]

To demonstrate and explain the particularities of metasurface simulation, it is essential to
present the main steps involved in building the model using Comsol Multiphysics.

• Geometry creation

• Material assignment

• Physics initialization

• Mesh generation

• Study and Solver settings

• Post-processing

• Validation alalysis

3.1 Geometry creation

As a first step in simulating a metasurface structure using Comsol Multiphysics, it is necessary
to define the model. The model can be 2D or 3D, depending on the objective of the simulation.
Some tasks may require a 2D approach due to symmetrical behaviour, which simplifies the
model and reduces computational load. For instance, if the metasurface exhibits rotational or
planar symmetry, a 2D model can efficiently capture the essential physics while saving time
and resources. On the other hand, some tasks must be simulated as 3D objects to accurately
represent the complexity of the metasurface structure, particularly when interactions occur
in all three spatial dimensions. The ED and MD moments generated within the dielectric
nanoparticle are perpendicular to each other. Therefore, to extract both types of information, it
is essential to use a 3D representation.

In the process of building the structure, fundamental geometric shapes are directly employed at
the Comsol interface. Specifically, for the initial and simplest iteration of the metasurface model
constructed from nanospheres periodically arranged in a homogeneous medium, a sphere and
a rectangular are selected as the primary geometrical entities. The dimensional parameters,
including size and position, can be conveniently specified directly within the settings dedicated
to the geometric figure. Alternatively and more preferably, these geometric parameters can
also be defined in a separate "Parameters" section (Figure 3.2a), which is detached from the
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core model construction interface. This substitute parameter setting offers better flexibility
and control over the model configuration, especially when the geometry comprises multiple
elements that require modifications.

To model an infinite metasurface configuration in the x- and y-directions, it is sufficient
to construct only a single geometrical unit that symmetrically repeats with the appropriate
boundary conditions. In our case, this geometrical unit consists of one sphere placed within
a repeating area corresponding to the periodicity length. An alternative modelling approach
that reduces even more computational load and saves time is the construction of a quarter
of the previously mentioned unit cell. This approach includes the reflection symmetry along
both the x- and y-cuts passing through the nanoparticle figure. This can be done by adding a
"Cross section" node in the "Work Plane", "Geometry" sequence. Furthermore, the rest of the
quarters of the unit cell can be removed by using "Partition Objects" and "Delete Entities" nodes
(Figure 3.2b). The visualization of various unit cells for the metasurface simulation within the
Comsol interface is shown in Figure 3.3a.

(a) (b)

Figure 3.2.: Geometry settings in Comsol Multiphysics. (a) Direct value assignment and using the
"Parameters" feature. (b) Construction of a quarter of the nanoparticle in the medium.

The height of the intermediate medium block surrounding the nanoparticle is a critical
parameter for obtaining accurate simulation results. It has to be sufficient to capture the full
electromagnetic interaction around the nanoparticle, including any near-field effects. A general
rule of thumb is to make the height above and below the nanoparticle not less than half of the
wavelength of the incident electromagnetic wave (λ/2). In the current simulations, given the
available computational power, the block height is typically set to 2λ to ensure that boundary
effects do not interfere with the particle’s interaction with the wave.

For the unit cell that consists of a quarter of a nanoparticle, the implementation of the
"Cumulative Selection" node can simplify the process of operations. This node helps to group
geometric entities and further use these entities for material or physics settings. Another
beneficial property is that the entity retains the same label during parameter changes. In other
words, each domain, boundary, or point is assigned to a specific number (label). When changing
the geometry or some physics settings, these numbers can be shuffled and reassigned to other
elements, potentially causing errors in the simulation. The application of cumulative selection
maintains the assignments in the correct order, ensuring that all settings remain consistent and
accurate. The "Cumulative Selection" node is shown in Figure 3.3b and can be directly assigned
in the "Settings" for each geometric figure.
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(a)

(b)

(c)

Figure 3.3.: a) A unit cell with a full nanoparticle and a symmetrically recurring quarter of a nanoparticle.
b) "Cumulative Selections" node in Geometry settings. c) "Interpolation" function in Material
settings for introducing the dispersion behaviour.

3.2 Material assignment

The material settings specify the material-dependent quantities for the selected physics package.
In the Electromagnetic Waves, Frequency Domain package, this includes the refractive index of
the structure, both its real and imaginary parts. The material can be chosen either from the
existing Comsol library by clicking on the "Add Material" node or added manually - the "Blank
Material" node.

Most material refractive indices selected from the library include dispersion behaviour, which
is the variation of real and imaginary parts of refractive index with wavelength. When
experimentally measured dispersion data needs to be included in the Comsol simulation, it can
be incorporated by selecting the "Interpolation" function in the "Refractive Index" extension
node of the material (Figure 3.3c).

In the settings of the "Interpolation" function in the Comsol, several methods can be used to
upload data. The most common method is using the "Local table" under the "Definition, Data
Source" section (Figure 3.4). For example, an arbitrary function named nSi can be defined to
represent the real part of the refractive index of silicon (Si). The measured data, in the form of a
matrix where the refractive index depends on frequency, is then uploaded. In this context, the
variable t represents the wavelength, and f(t) represents the real part of the refractive index.

The data values can be interpolated using a linear function and extrapolated using the nearest
function for wavelengths not included in the table. Additionally, the settings require the manual
input of units for both the argument (wavelength - nm) and the function (refractive index -
1). After configuring these settings, the value of the refractive index in "Material Contents"
should be written in the form of a function n

(
c
ν

)
, where n is the refractive index, and the

wavelength is denoted as the ratio of the speed of light to frequency, c
ν . For the example given

in Figure 3.4, this function looks like nSi(c_const/freq), where c_const and freq are reserved
variables in Comsol Multiphysics.
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Figure 3.4.: Settings of the "Interpolation" function.

3.3 Physics of the "Electromagnetic Waves" package

The Electromagnetic Waves, Frequency Domain physics interface in Comsol Multiphysics is
designed to solve Maxwell’s equations for a time-harmonic electromagnetic field. The electric
and magnetic components of such waves vary sinusoidally with time. This simplifies Maxwell’s
equations by factoring out the time dependency, leaving a set of equations that depend only
on spatial coordinates and the frequency of the wave. This is particularly useful for analyzing
steady-state behaviours of electromagnetic waves at specific frequencies, where amplitude
and phase do not change over time. Such equations are implemented in the investigation of
metasurfaces.

The full form of the Helmholtz equation that describes the interaction of the electromagnetic
wave with the medium is integrated into the Comsol Multiphysics software and shown in
Figure 3.5. The wave is considered as a harmonic electromagnetic wave E⃗ = E0e

jωt in the
frequency domain, where j is the imaginary unit and ω is the angular frequency.

Figure 3.5.: Helmholtz equation integrated in the Comsol Physics interface.

The Faraday’s Law (Equation 2.3) and Ampère’s Law (Equation 2.1) take the form:

∇ × E⃗ = −jωB⃗, (3.1)

∇ × H⃗ = J⃗ + jωD⃗. (3.2)
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Substitution of the constitutive equation for the magnetic flux density (Equation 2.9) in Faraday’s
Law gives:

∇ × E⃗ = −jωµ0µrH⃗. (3.3)

Whereas the substitution of the current density (Equation 2.5) and the electric displacement
field (Equation 2.8) in Ampère’s Law gives:

∇ × H⃗ = σE⃗ + jωϵ0ϵrE⃗

= (σ + jωϵ0ϵr)E⃗.
(3.4)

Let’s take the curl of Faraday’s Law:

∇ × (∇ × E⃗) = −jωµ0µr(∇ × H⃗). (3.5)

And substitute Ampère’s Law in it:

∇ × (∇ × E⃗) = −jωµ0µr(σ + jωϵ0ϵr)E⃗. (3.6)

Simplifying the right-hand side and introducing the square of the wave number in free space
k2

0 = ω2µ0ϵ0, we get:

∇ × (∇ × E⃗) = ω2µ0µrϵ0ϵrE⃗ − jωµ0µrσE⃗

= k2
0µrϵrE⃗ − jk2

0
σµr

ωϵ0
E⃗

= k2
0

(
µrϵr − j

σµr

ωϵ0

)
E⃗.

(3.7)

Dividing the equation to µr and transferring the right-hand side to the left, the final equation
corresponds to the one presented in Comsol:

∇ × µ−1
r (∇ × E⃗) − k2

0

(
ϵr − jσ

ωϵ0

)
E⃗ = 0. (3.8)

The part denoted by ϵr − jσ
ωϵ0

defines the complex relative permittivity, which includes both
dielectric and conductive properties.

The investigated Si material of nanoparticles belongs to the category of semiconductors. It is
considered to be a non-magnetic material, characterised by a relative permeability µr of 1.0.
This indicates that Si neither enhances nor diminishes the magnetic field applied to it.

The electrical conductivity (σ) of intrinsic pure Si at room temperature (297 K) is approximately
10−3 S/cm according to A. Wold’s "Solid State Chemistry" [109] and 4 × 10−6 S/m as reported
in C. Kittel’s "Introduction to Solid State Physics" [110]. In comparison, highly conductive
materials like aluminium have electrical conductivity around 3.5 × 107 S/m. Consequently,
the conductive properties of undoped Si are minimal and can be neglected in metasurface
simulations.
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The simplified version of the equation for Si can be presented in the following form and
mentioned in Comsol in the "Wave Equation, Electric 1" node:

∇ × (∇ × E⃗) − k2
0ϵrE⃗ = 0. (3.9)

There are several configuration steps of light-matter interaction in the Electromagnetic Waves,
Frequency Domain physics interface that must be taken into account. First, regardless of the
unit cell type, the "Full field" option under "Formulation" must be selected in order to simulate
the reflective properties of metamaterials. Next, it is important to select two ports to indicate
where the electromagnetic wave enters and exits the simulation domain (Figure 3.7). For
metasurface structures, the "Type of port" should be set to "Periodic" in order to use the same
parameters of the incident electromagnetic wave for all repeated unit cells. In the "Port" node,
we also specify the "Input power", which can be a fixed value of 1W or defined by the equation
Pin = I × P 2, where I is the intensity of the incident electromagnetic wave and P represents
the periodicity of the unit cell.

In the electromagnetic wave simulation, it is possible to define the components of the electric or
magnetic field. By selecting "Electric field" in the "Input quantity" of the "Port Mode Settings",
the "Electric mode field amplitude" components can be specified. If the electric field is uniform
with only one component in the y-direction, without variations in x or z-directions, this value
should be assigned to the "y" component to represent the magnitude and direction of the field,
while the values for the x and z components should be set to 0 [V/m]. However, the more
accurate assignment of the electric field contains the wave vector components, designated in
the software as ‘ewfd.nx’, ‘ewfd.ny’ and ‘ewfd.nz’ (Figure 3.6a). In this example, the electric
field has an amplitude of 1[V/m] directed along the y-axis. The additional inclusion of the wave
vector parameters helps accurately to model the direction and phase of the electromagnetic
wave as it propagates through different media. The electric field with the magnitude of 1[V/m]
in the y-direction in a full form has the following formulation:

Ex = −ewfd.nx × (1) × ewfd.nx × 2,
Ey = 1 − ewfd.ny × (1) × ewfd.nx × 2,
Ez = −ewfd.nz × (1) × ewfd.nx × 2.

(3.10)

This input method not only defines a linearly polarized plane wave but also offers a more
precise depiction of wave behaviour, reducing computational inaccuracies.

Moreover, the incident electromagnetic wave can impinge upon the structure at a specific angle,
which is characterised within the simulation software by parameters such as the "Elevation
angle of incidence" and "Azimuth angle of incidence". These angles define the orientation of the
incoming wave relative to the structure. Additionally, when the distance between the centres of
the nanoparticles within the structure exceeds the wavelength of the incident wave, it becomes
crucial to include "Automatic Diffraction Order Calculation" in the simulation. This feature
enables the software to compute multiple orders of diffraction that influence the resonant
response of the metasurface.

Having modelled only one unit cell, it is necessary to apply periodic boundary conditions to its
lateral surfaces to replicate this unit cell infinitely in both the x- and y-directions. For a unit
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cell with a full nanoparticle and a full periodicity distance, the appropriate boundary condition
to apply is "Periodic Condition". In "Periodicity settings", the type of periodicity selected should
be "Floquet periodicity", used for frequency domain problems with a spatial periodicity of the
geometry and solution (Comsol Multiphysics documentation). The choice of "k-vector for
Floquet periodicity" (kF ) should be set to "From periodic port" (Figure 3.6b).

(a)

(b)

Figure 3.6.: a) Amplitude specifications for the incident electromagnetic wave. b) Floquet periodic
boundary conditions applied to a unit cell with a full nanoparticle. (1) corresponds to the
x-direction, (2) - to the y-direction.

The Floquet boundary condition states that the fields on one side of a periodic structure are
related to the fields on the other side by a phase shift. This mathematically can be written as:

ψ(x+ L) = ejkF Lψ(x), (3.11)

where ψ(x) is the wave function, L is the periodicity of the structure, kF is the Bloch wave
number, and j is the imaginary unit. This expression ensures that the wave function is
phase-shifted but not altered in form as it translates across each period of the structure. By
applying this boundary condition, Comsol considers a periodic nanoparticle structure where
the field of each unit cell influences the field of the nearby unit cell but has the same interaction
with the incident light field.

The modelling of a quarter of a nanoparticle has the same procedure for material assignment
and incident wave settings. The boundary conditions, though, are different. In order to create
an infinite repeating structure, the selected nodes are "Perfect Electric Conductor" and "Perfect
Magnetic Conductor". These options are applied if the electric field of the electromagnetic
wave is directed in x- or y-directions (perpendicularly to the boundaries of the unit cell). The
equations describing the boundary conditions are n⃗1 × E⃗ = 0 and n⃗2 × H⃗ = 0, respectively,
where n⃗1 and n⃗2 are normalization vectors to the selected surfaces. If the cross product of two
vectors is equal to zero, it indicates that the vectors are parallel and have the same orientation.
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These boundary conditions in electromagnetic simulation define how the electric and magnetic
fields are oriented relative to the boundaries of the unit cell, enabling the internal reproduction
of the same periodic structure across the simulation domain.

3.4 Mesh generation

The accurate simulation results can only be achieved by correct discretization of the investigated
object into smaller finite mesh elements. This step has its significance due to the implementation
of PDEs to each mesh element, where the general solution is compiled from all the results.

By simulating the interaction of the electromagnetic wave with a metasurface, each medium,
whether it is a nanoparticle, substrate or air from where the electromagnetic wave comes from,
the maximum mesh element satisfies the following equation: Smax = λ/(n× 10), where λ is
the wavelength of the incident electromagnetic wave, n is the refractive index of the medium.
If the size of the element is too big, it doesn’t capture the shape or small features of the area, at
the same time extremely small mesh elements require a huge computational time.

Another point to address is the symmetric distribution of mesh elements at the boundaries
(Figure 3.7). (The mesh size has been scaled up to clearly illustrate the symmetric distribution.)
Implementing the periodic boundary condition also requires symmetry in nodal points on
the boundary surfaces for the integrity of the solution. The asymmetric distribution leads to
numerical artefacts.

Figure 3.7.: Symmetric distribution of mesh elements and nodal points on the boundaries with applied
Floquet periodicity. In order to enhance the visual representation, the height of the block has
been reduced, while the size of the mesh element has been increased. The arrows Pin and
Pout indicate the boundaries or ports where the electromagnetic wave enters and exits the
simulation domain.

Most of the time, using the "Physics-controlled mesh" option, Comsol builds the mesh correctly
based on the implemented geometry, material, and physics sequences. However, in areas
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where accuracy has to be improved or neglected, the manual ("User-controlled mesh") gives
an advantage in controlling the simulation process. Mesh modification is also a part of the
validation process of the obtained results.

3.5 Study and solver settings, post-processing

When the model is built, the study setting is the step to define the value to be searched. It can
be one number, a range of numbers depending on the parameter or a colourful representation
of the physics process.

In the model tree in the "Study" sequence, the "Step1: Wavelength Domain" line allows to enter
the wavelength or the frequency of the incident wave. Choosing additionally the "Parametric
Sweep" option makes the result dependent on the parameter, such as diameter or periodicity of
nanoparticles. It calculates a massive of data dependent on the changed parameter with the
specified step.

The Solver or the computational algorithm is selected by Comsol by default and doesn’t require
manual customisation. However, it can be changed manually based on the complexity of the
task or computational resources. There are two fundamental classes of algorithms: direct and
iterative methods.

The direct method is used to achieve the most accurate and robust solution. However, it
requires a sufficient amount of memory. Comsol Multiphysics supports direct solvers such as
Multifrontal massively parallel sparse direct solver (MUMPS), Parallel direct solver (PARDISO)
and Sparse object-oriented linear equations solver (SPOOLES). All the solvers are based on
lower-upper (LU) decomposition. The returned solution by all these solvers is the same. The
primary difference between them is their relative computational speed. The fastest solver is
PARDISO, used for the simulations of metasurfaces, that can use out-of-core storage to offload
some of the computations onto the hard disk. The SPOOLES solver is the slowest but also tends
to use the least memory. The advantage of MUMPS is the capability of using cluster computing,
which allows for the use of more memory than what is available on a single machine.

The iterative solver requires less computational memory than a direct solver, and so is
implemented for large physics problems. It approaches the solution gradually, rather than in
one computational step. With each iteration, the system returns an error estimate that decreases
monotonically with the number of iterations. The oscillatory behaviour of the error estimate
indicates that the problem formulation, including the boundary conditions, may be incorrect.
By default, the model is considered to be converged when the error estimate is below 10−3.
This number is defined in the "Relative tolerance" of the solver settings and can be made looser
for faster solutions or tighter for greater accuracy. The minimum tolerance number is restricted
by the machine precision (2.22 × 10−16) and, most of the time, much greater due to the strong
relation to the chosen mesh size.

When the Study step is completed, the computation process can be started.

The Post-processing step aims to extract the necessary data after the computation process that
is not directly visualized. The data about metasurface reflectivity at a specific wavelength can
be presented in the form of a table by using the "Global Evaluation" in the "Derived Values"
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sequence. The other parameters, such as transmittance, absorption, total energy, etc., can also
be found by clicking on the cross in the "Expression" line (Figure 3.8). The post-processing
capabilities in Comsol Multiphysics are huge and can be accessed via the software’s official
website.

Figure 3.8.: "Global Evaluation" node to extract information about the optical properties of themetasurface,
such as reflectivity, transmissivity, etc.

One particularly useful feature in data representation is the implementation of "Global Variable
Probe" in the "Definition" section above "Geometry". This diagnostic tool allows prematurely
setting the expression whose value is being extracted for results analysis. The table is generated
directly after the computation and doesn’t require additional setup.

3.6 Validation analysis

The simulated results may not always correspond to the real solution. Several approaches can
be used to check and validate the obtained results.

- Comparison with an analytical solution

The simulation model can be simplified to a form where the results can be verified analytically.
Complex problems often begin with a simple case that is progressively modified. At the
beginning of the task, when the model is defined with its initial geometry, material properties,
and boundary conditions, the simulation results should be compared with the corresponding
analytical solutions.

- Mesh convergence

Finite element modelling is highly dependent on the size of the finite elements, or mesh, selected.
Too large mesh will fail to capture the intricate details of the model. Performing a mesh
refinement study ensures that the results are independent of the mesh size. Starting with a
coarse mesh and gradually refining it gives the observation of how the solution changes. If the
results stabilise as the mesh is refined, it indicates that the solution is mesh-independent.

- Parameter sensitivity analysis

Depending on the model, various parameters have different levels of impact on the result. For
instance, a block of medium above the nanoparticle with a height less than λ/2 (where λ is the
wavelength of the incident electromagnetic wave), might result in incorrect simulation outcome.
It is crucial to verify the stability of the solution by altering the height of this medium. In
contrast, changes in the diameter of the nanoparticle should produce corresponding changes in
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the results. If the results remain unchanged despite modifications to the nanoparticle’s diameter,
this indicates potential errors in the model.

- Physical Consistency

This validation approach ensures the conservation of mass, momentum, and energy. The initial
electromagnetic wave energy interacting with the nanoparticle is conserved and redistributed
among absorption, transmission, and reflection. In other words, the sum of these values must
equal 1.

- Error estimate of iterative solver

The direct and iterative solvers may differ in their calculation approaches, but they should give
the same results (with the accepted error). The gradual search for the solution using the iterative
solver also provides information about the error estimate, which should decrease smoothly.
The oscillation behaviour of this solver indicates the uncertainties in the built model.

- Validation with the experimental data or another software results

The final and most challenging approach involves the comparison of the simulation results
with experimental data or results obtained using other software, such as Matlab or Ansys.
Experimental and simulation data can also be sourced from articles, reviews, or books. Officially
published data serves as a reference to validate the accuracy of the obtained results.



Chapter 4

Fabrication Techniques

The fabrication of metasurfaces can be achieved through a variety of techniques, depending on
the available machinery, chemicals, materials, and the required precision of the structures [111].
In this thesis, we focus on the fabrication approach developed at DTU for the realisation of
cylindrical Si metasurfaces on substrates. The details of the metasurface realisation process
are presented in this chapter, as well as in the last published paper, entitled "Design and
experimental demonstration of wavelength selective metamirrors on sapphire substrates".

The initially considered reflective metasurfaces consist of Si nanoparticles with a spherical
shape. Spheres are challenging for fabrication due to the absence of flat surfaces but can
be realised using femtosecond laser printing technology [112]. The process involves the
ultrafast heating of a donor Si layer by a single tightly-focused Gaussian femtosecond laser
pulse, that forms a spherical droplet. This droplet, propelled by potential energy, progresses
towards the receiver substrate and subsequently solidifies on it in the form of a sphere. By
employing pulses of the same energy, a metasurface consisting of similar spherical nanoparticles
can be fabricated. This fabrication method is discussed in the first published paper, entitled
"Lightweight metasurface mirror of silicon nanospheres". However, it is not subsequently
employed in the realisation process of reflective metasurfaces due to the consideration of the
cylindrical shape of nanoparticles.

The investigated and subsequently fabricated highly reflectivemetasurfaces consist of cylindrical
nanoparticles placed on a substrate. The selected wavelengths for reflectivity are 1064 and
1550 nm, with polycrystalline silicon (poly-Si) used for the cylinders and sapphire for the
substrate. The main steps of the fabrication process were conducted in collaboration with the
Department of Electrical and Photonics Engineering at DTU.

The fundamental fabrication idea involves the creation of a mask on the poly-Si layer and
the subsequent etching of the unmasked area. To accurately resolve mask patterns with
nanometer-sized features, the fabrication process includes electron beam lithography EBL,
which uses a focused electron beam (e-beam) to expose electron-sensitive material (resist).

It should be noted that the discussion suggests the approach implemented for the realised
structures, which can be modified or adapted for the fabrication of future metasurfaces.
Additionally, the last section of this chapter explores a potential fabrication method that could
be carried out at the LNQE of Hannover, which may serve as a potential site in the future.
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4.1 Preparation of the samples

The samples with the planned metasurfaces must be prepared prior to the manufacturing
process. It means that the poly-Si material of the nanoparticles has to be deposited on the
substrate, and the substrate needs to be sized in accordance with the specifications of the
technical machinery. Moreover, the numerically estimated dimensional parameters of the
cylinders, such as diameter (D) and periodicity (P ), must be recalculated based on the measured
height (H) and refractive index of the deposited poly-Si layers.

4.1.1 Deposition of poly-silicon layers

The process commences with the ordering of sapphire wafers with the C-plane (0001) orientation,
selected as the bottom substrate for the metasurfaces. The wafers, ordered from "Siegert Wafer
Company", have a diameter of 100mm, a thickness of 650 µm, a purity of 99.998%, and are
polished on both sides.

The wafers are coated with poly-Si layers of varying thicknesses using the low-pressure chemical
vapor deposition (LPCVD) technique, realised in the horizontal cluster system (Centrotherm
2000) at the LNQE (Figure 4.1).

Figure 4.1.: Photo of the horizontal cluster system (Centrotherm 2000) that deposits poly-Si layers on
wafers using the LPCVD technique.

The LPCVD technique is a precise deposition method that uses chemical precursors, such as
gases or vapours, that contain the elements needed to form a solid layer. These precursors are
introduced into a chamber, where they react on the surface of a heated substrate, creating a
thin film. The "low-pressure" setting reduces the chances of the gases colliding with each other,
which helps to ensure that the film is deposited evenly across a large surface area.

The temperature of the LPCVD process plays an important role in determining how much
silicon crystallizes and transitions from an amorphous to a poly-crystalline state. Temperatures
∼ 500 − 600◦C often result in a-Si, whereas higher temperatures, typically above 600◦C,
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initiate the formation of poly-Si, as the atoms gain enough thermal energy to form crystalline
grains.

The deposition machine (Figure 4.1) has a wafer boat with dozens of vertically placed ’dummy’
wafers, some of which are replaced with sapphire samples that need to be coated. A dummy
wafer is typically a silicon wafer coated with a silicon dioxide layer (Si/SiO2). The use of
dummy wafers is an integral part of the process, ensuring uniform chemical deposition of
poly-Si layers on both sides of the wafers. They are also additionally used to measure the
thickness of the deposited layers, protecting the sapphire wafers intended for future utilisation
from unnecessary handling.

4.1.2 Ellipsometry measurements

The deposited poly-Si layers must be characterised to ensure that their thicknesses correspond
to the intended values and to measure the actual refractive indices of these poly-Si layers. The
characterisation is conducted via ellipsometry. The measurement process uses dummy wafers
that were included in the LPCVD process, protecting the sapphire wafers with the poly-Si
coating from potential scratches and dust. Moreover, measuring the thin poly-Si layer on
sapphire is challenging. Due to the transparent nature of sapphire wafers and their double-sided
polishing, the ellipsometric measurement light is additionally reflected from the back side of
the wafers, contributing to the detected signal. In contrast, the Si dummy wafers are polished
on one side, making the unpolished side a good scatterer. This particularity helps to avoid the
additional reflected signal in the detection, making the dummy wafers ideal monitor samples
for accurate examination.

Ellipsometry is a non-destructive optical technique, which provides precise data on the thickness
and refractive index of a thin film. It works shortly in the following way [113]. The polarized
light of the ellipsometer falls at an oblique angle onto the sample surface. As the light reflects,
its polarization state is altered due to interactions with the thin film, resulting in changes to
both the amplitude and phase of the reflected polarized light. These changes are quantified by
measuring two parameters: ψ, which represents the amplitude ratio of the p- and s-polarization
components, and ∆, which captures the phase difference between the p- and s-polarizations.
These two values allow to calculate the reflectivity ratio:

tanψei∆ = rp

rs
, (4.1)

where rp and rs are the amplitude reflection coefficients for p- and s-polarized light, respect-
ively.

The coating properties can’t be extracted directly from the measured parameters ψ and ∆ alone,
as they do not account for variations introduced by the underlying materials. To address this,
the ellipsometer software constructs an optical model of light interaction with all interfaces
within the multi-layer structure, based on Fresnel’s Equations (2.33 - 2.40). Through an iterative
fitting process, optimisation algorithms adjust the model to minimize the difference between the
measured and predicted ellipsometric data. This comparison results in the accurate calculation
of such parameters as film thickness and refractive index.
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The ellipsometry measurements of the produced poly-Si layers were conducted at DTU for
the wavelength range of [210; 1688] nm. The data on thicknesses and refractive indices at
wavelengths of 1064 and 1550 nm are subsequently used in reflectivity simulations to refine the
dimensional parameters of cylinders for fabrication, including the diameter (D) and periodicity
(P ).

4.1.3 Metasurface area and cutting process

The final preparation step involves choosing the dimensions for the metasurface area and
cutting the sapphire wafers into smaller samples.

The metasurface area for fabrication is selected to be 100 × 100 µm2. The fabrication of this
area size is time-efficient when using EBL, and the resulting area is sufficiently large for the
characterisation setup. Moreover, in order to confirm the effect of metasurface reflectivity in
the initial fabrication attempt, it is also important to select the appropriate area size at which
the EBL stage with the mounted sample would remain stationary. The movement of the stage
may result in misalignment of the exposure pattern, which is considered undesirable. The
maximum writing field for the operational EBL machine at DTU is 1000 × 1000µm2, which is
larger than the selected metasurface area.

The wafers are cut into squares of 15 × 15 mm2 using metal bond blades (B1A-Serie Disco)
that are capable of cutting sapphire. The size is selected to accommodate efficiently several
metasurface areas and to ensure that the samples are compatible with the equipment used
throughout the manufacturing process. For the cutting process, the surface of the samples is
additionally protected with available photoresist (MICROPOSIT S1813).

After these preparation steps, the samples are ready for the metasurface fabrication process.

4.2 Fabrication process details at DTU

This section details the fabrication steps conducted at DTU. To assist the reader in navigating
the process, the fabrication steps are presented in the accompanying Figure 4.2.

Figure 4.2.: Fabrication process at DTU.
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4.2.1 Resist spin-coating

The deposition of electron-sensitive resist on a poly-Si layer is an essential step in the creation
of a pattern or mask with EBL. The e-beam resist influences the fabrication accuracy and
defines the subsequent stages of production.

Before applying the e-beam resist, the prepared samples must be thoroughly cleaned, and the
protective photoresist must be removed. For the samples used in the production, the cleaning
procedure involves the Piranha method (4:1), in which four parts of sulfuric acid (H2SO4) are
mixed with one part of hydrogen peroxide (H2O2). The samples are immersed in the Piranha
solution for 10 minutes and then thoroughly rinsed with distilled water.

The positive e-beam resist (Csar AR-P 6200) is deposited onto the poly-Si surface through
spin-coating (Figure 4.3). This process involves centrifugal force and high-speed rotation to
distribute the liquid resist evenly across the sample. The positive e-beam resist is spin-coated to
a thickness of 150 nm. Following this, the samples are baked for two minutes at a temperature
of 180°C and then left to cool. The baking process helps evaporate the solvent, transforming the
resist from a liquid to a solid, making it ready for e-beam exposure.

Figure 4.3.: The spin-coating machine (right) and the oven for the baking process (left). The photo is
taken at the LNQE.

The discharging layer of aluminium (Al) is additionally thermally evaporated on top of the
resist. This procedure is necessary to prevent charge accumulation during the EBL process.
Due to the dielectric nature of sapphire and since we do not know the doping level of poly-Si,
some electrons can become trapped inside the material. The presence of this charge can deflect
the electron beam, deteriorating patterning precision by causing unwanted exposure in nearby
areas. Therefore, the Al layer serves as a ’ground’ for the sample, helping to dissipate the excess
charge.

The deposition of the Al layer takes place in a thermal evaporator, which is pumped down to
a pressure of 6 × 10−6 Pa. The sample is mounted on a rotating substrate holder, spinning
at a speed of 10RPM to ensure uniform film thickness across the surface. At the base of the
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vacuum chamber, the Al boat is loaded with Al pellets, which are subjected to a gradual heating
process. Upon reaching a temperature of ∼ 2000◦C, Al begins to vaporise. The vaporised
atoms travel towards the substrate, where they condense onto the surface, in this case, onto
the resist. The deposition thickness is continuously monitored in real-time using a quartz
crystal microbalance (QCM). The final Al thickness reached in the thermal evaporator is around
20 nm.

4.2.2 Electron beam lithography

The fabrication of nanometer-scale structures requires the use of EBL. Unlike photolithography,
which is limited to ∼ 1 µm due to the wavelength of the exposure light and is more suitable for
micrometre-scale structures, EBL offers significantly higher resolution, enabling the fabrication
of extremely small, precise patterns down to a few nanometers [111].

EBL works by directing a focused beam of electrons onto a substrate coated with an electron-
sensitive resist, which alters its chemical structure in the exposed areas. At the core of the EBL
machine is the electron gun that generates a high-energy e-beam, typically between 10 and
100 keV. The process occurs inside a vacuum chamber, which is important to prevent electrons
from being scattered by air molecules. The substrate, coated with the resist, is mounted on a
precisely controlled stage that moves the sample while the e-beam scans the surface to write
the desired pattern.

There are several important parameters that define the performance of the EBL machine: dose,
beam current (intensity), spot size, and exposure time. The dose is the amount of electron
energy delivered per unit area and depends on factors such as the resist material and the size
of the structures to be produced. The optimal dose is often determined by experience and
experimentation. The beam current is proportional to the dose, meaning that a higher dose
requires either more electrons (higher beam current) or longer exposure time to achieve the
desired pattern resolution. The spot size, which refers to the diameter of the focused electron
beam, plays a crucial role in determining the resolution of fine features. Optimising the spot
size involves balancing resolution, exposure time, and beam current. In particular, a smaller
spot size requires more exposure time to illuminate the same area due to the increased number
of e-beam shots. Finding the "golden point" for all these parameters can be challenging and
requires careful tuning in the software of the EBL machine.

The dose factor for the fabricated structures is initially set to 325µC/cm2. Since the setting
up of the EBL process takes a considerable amount of time, including pumping the system
into vacuum, several metasurfaces with different doses are produced on each sample. The first
variation is taken with a dose of 325µC/cm2, while the second is created with a dose that is
increased by 10% and the third with a dose that is increased by 20%. In the software, this is
achieved by implementing multiplication coefficients of 1, 1.1, and 1.2 to different areas.

The electron beam energy is set to 100 keV, with a spot size of 7.75 nm and a step size of 5 nm.
The beam current is measured precisely at settings, and the exposure time is recalculated
automatically.
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The patterns for the exposure are uploaded to the EBL machine as GDSII files 15, which can
be created in any computer-aided design software, for instance ‘KLayout’. Each circle of the
metasurface pattern is divided by the EBL software into multiple sections. The e-beam, with
specified parameters, scans through each section in a particular order, as shown in Figure 4.4.
Notably, the e-beam spots overlap in order to achieve an even distribution of resist exposure.

Figure 4.4 also illustrates that the beam covers the area of the circle that is slightly larger
than the area depicted in the schematic. Furthermore, the forward and backward electron
scattering (proximity effect) results in the broadening of the exposed area. In order to achieve
the intended dimensions, the diameter of the circles in the schematic must be reduced to
compensate for this effect. For the fabricated structures, the increase in the exposed area is
estimated to be ∼ 15 − 20 nm. The deviation of periodicity is considerably less and estimated
to be ∼ 0.1 − 0.5 nm.

Figure 4.4.: The software of the EBL machine displays the exposure pattern with the selected parameters
of the e-beam.

The manufactured metasurface structure consists of cylinders, which offer the advantage of
having no corners. Corners are challenging to resolve in the EBL process, and a standard
uniform dose distribution can lead to inaccuracies. For structures with corners, a Monte Carlo
method is used to generate an approximate dose distribution pattern for the 2D geometry,
ensuring better accuracy in fabricating the corners.

4.2.3 Development

The layer of the positive e-beam resist is exposed as a pattern of cylinders. Due to the positive
nature of this resist, the electrons make the polymer structure more soluble for the developer
solution. This means that the development stage leaves behind the unexposed regions as a final
pattern. Since the exposed area corresponds to circles representing the diameters of the future
cylinders, the development results in the production of holes within the resist layer.

15 GDSII files stand for "Graphic Design System II" files, a standard format for layout data of integrated circuits.
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The exact fabrication steps involve the removal of the discharging Al layer using phosphoric
acid (H2PO4) solution diluted with water in a 4:1 ratio. The samples are then rinsed with
distilled water. The developer solution used is AR600-546. The samples are immersed in the
developer solution for two minutes, followed by a one-minute rinse in isopropanol.

The developed holes in the resist could be observed in the optical microscope (Figure 4.5), which
also allowed us to check the clearance of the developed structures.

Figure 4.5.: Image of the developed resist structure made with an optical microscope.

4.2.4 Lift-off process

The lift-off process involves the deposition of an additional layer that, by removing ("lifting
off") the remaining positive resist, creates an inverse mask. The material for this additional
layer is Al.

The Al deposition is carried out using an e-beam evaporator, which works in a similar way to
a thermal evaporator, but, in this case, with the help of the high-energy e-beam directed at
the melting material. This beam causes localized heating, allowing the Al to evaporate and
condense onto the substrate to form a thin layer.

The thickness of the Al layer must be small enough to avoid the merger or intersection of
the deposited layer in the holes with the layer above the resist. Otherwise, the resist cannot
be properly removed or lifted off with a chemical. A common rule of thumb is to keep the
Al thickness to less than one-third of the resist’s thickness. If the resist has a thickness of
150 nm, the Al mask should be less than 50 nm. In the fabrication process, the Al thickness is
set to 25 nm. The Al pattern is also observed using the scanning electron microscope (SEM)
(Figure 4.6), revealing the typical effect of Al growth at the edges.

The remaining resist is removed using chemical 1165 (a pyrrolidinone compound) for 25 minutes.
Following this, the samples are rinsed with isopropanol and distilled water.

The obtained Al mask on top of the poly-Si layer is observed in the SEM (Figure 4.7).
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(a) (b)

Figure 4.6.: SEM images of the Al layer covering the resist pattern and the area inside of the holes. a) An
array of holes. The periphery of the circles has crystalline irregularities. b) The view at an
angle to one of the holes.

Figure 4.7.: SEM image of the Al mask on the poly-Si layer.

4.2.5 Reactive ion etching of poly-Si

The created Al mask acts as a shield, protecting certain areas of the poly-Si layer from the
etching process. The method used to etch the poly-Si layer is classified as "dry" etching, which
removes material using gases or plasma, unlike the liquid chemicals of "wet" etching.

The technique, called inductively coupled plasma reactive ion etching (ICP-RIE), is a widely
employed method in nanometer-scale structure fabrication. It involves two mechanisms of
etching, defined as a chemical and physical interaction. Chemical etching tends to be isotropic,
meaning it removes material uniformly in all directions. This also includes the material under
the mask, leading to a more spherical removal profile. This can cause "undercutting" beneath
the mask. On the other hand, physical etching can be visualized as ion bombardment of the
substrate, where ions physically knock off the material. This process is highly directional,
typically resulting in anisotropic etching concentrated on the central region of the etched wells.
It limits lateral removal, which requires vertical features.

The combination of chemical and physical etching in ICP-RIE results in the creation of
structures with vertical, almost perpendicular sidewalls, which is important in the fabrication
of cylinders.

The process of poly-Si ICP-RIE often involves cycles. Each cycle starts with a phase of mixed
etching types (both chemical and physical), during which reactive species, such as fluorine
radicals (F*), are generated. These radicals form a protective layer, preventing the further
process of etching. Once the sidewalls are passivated, a short phase of purely physical etching
follows. It removes the F*-cover from the bottom horizontal surface without affecting the



54 Chapter 4 — Fabrication Techniques

protected sidewalls. Once the bottom is cleared, the process repeats in the next cycle, allowing
for controlled deep etching while maintaining verticality and precision.

The number of etching cycles required for various thicknesses of poly-Si layers is the following:
a 72 nm thickness requires 6 cycles, 132 nm - 10, 211 nm - 17, and 297 nm - 24 16.

The gases typically used in this process are octafluorocyclobutane (C4F8) for passivation and
sulfur hexafluoride (SF6) for etching, as they provide the necessary reactive species for the
chemical and physical etching mechanisms.

To maintain a temperature difference between the substrate and plasma for better process
control, the sample is placed on a droplet of a liquid resist to establish thermal contact between
the sample and the bottom plate, which is maintained at a temperature of −19◦C. The
temperature of the plasma during the etching process rises up to +120◦C. The image of the
sample placed on the holder of the ICP-RIE machine is shown in Figure 4.8.

Figure 4.8.: The sample placed on the holder of the ICP-RIE machine.

Before and after the etching process, the structure undergoes cleaning with oxygen plasma.
This cleaning step is integrated into the etching system and helps to remove any residues for
the accurate handling. Additionally, the resist used for the thermal contact is cleaned with
acetone (10 minutes) and isopropanol (10 minutes).

4.2.6 Back-side etching and removal of Al mask

The final preparation of the metasurface structures includes the ICP-RIE of the back-side of the
samples covered with poly-Si layer and removal of the Al mask. The ICP-RIE of the back-side
is made by placing the samples upside-down onto the resist and undergoing the same etching
process described in the previous chapter. The removal of the Al mask is done by phosphoric
acid (H2PO4) diluted in water in a ratio of 4:1.

The fabricated metasurfaces are observed in the SEM (Figure 4.9) and are further characterised
to reveal their reflectivity. The characterisation results and simulation details of the realisation

16 The average etching rate is estimated ∼ 13.5 nm/cycle. However, it slightly decreases when the number of
cycles exceeds 10.
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process are presented in the last paper, entitled "Design and experimental demonstration of
wavelength-selective metamirrors on sapphire substrates".

Figure 4.9.: SEM images of the fabricated metasurfaces.

Figure 4.10.: The damaged structure after undertaking a too-long process of cleaning.

The process of the metasurfaces fabrication had some challenges based on the unconventional
behaviour of Al with the bottom sapphire substrate. This effect was mostly observed for the
structures with the thinnest poly-Si layers, namely for 72 and 132 nm. The removal of the
discharging Al layer caused for several samples the disposal of the positive resist that had to be
implemented for the further EBL process. The final cleaning process of the Al mask also had a
certain degree of difficulty, as it required a longer period of time using the phosphoric acid and
the utilisation of an ultrasonic bath. The overly lengthy cleaning process could also lead to
damage to the structure, potentially resulting in the loss of some cylinders (Figure 4.10). The
fabrication process for the future silicon metasurfaces on sapphire substrates requires further
investigation and optimisation in order to achieve the highest possible quality and precision.

4.3 Alternative fabrication at the LNQE

The fabrication process presented in the previous chapter is adapted for the facilities available
at DTU. The process of metasurface fabrication is also possible within the facilities of the
LNQE, described in detail in the Master Thesis of Shan Song. In this section, I describe the main
differences between the two fabrication approaches.

The fabrication stages are presented in Figure 4.11. The sapphire sample with a poly-Si layer
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is initially spin-coated with the negative e-beam resist (SX AR-N 8200) 17. The exposure of
the sample in the process of the EBL leads to the hardening of the resist, thereby reducing
its solubility in the developer solution (AR 300-44). Following development, the remaining
structure configures a mask that covers the area of the metasurface cylinders. The subsequent
poly-Si ICP-RIE creates the required 3D pattern. The removal of the resist with buffered oxide
etch (NH4F and HF in a ratio of 5:1) leaves the developed cylindrical structure ready for further
characterisation.

Figure 4.11.: Metasurface fabrication steps at the LNQE.

In comparison to the process described in the previous chapter, this fabrication process involves
fewer steps due to the implementation of the negative e-beam resist, which, after the exposure,
creates the desired mask. Nevertheless, the selection of the resist also depends on the required
precision of the fabricated nanostructures. For instance, the negative e-beam resist (SX AR-N
8200) is used for the metasurfaces with nanoparticles, whose dimensional parameters don’t
require resolution of less than 10 nm. The positive e-beam resist (Csar AR-P 6200) can be
preferential for the structures with the resolution of around 6 nm.

The selection of the resist, as well as the precision of the nanostructures, also depend on the
EBL machine employed in the fabrication process. The higher acceleration voltage of the EBL
machine reduces the electron scattering, maximizing finer resolution in the patterned structures.
For the comparison, the EBL machine at DTU could resolve nanocylinders with the spacing of
∼ 100 nm and less, while at the LNQE a spacing of ∼ 150 nm could have a potential challenge.
This limitation on the selection of dimensional parameters of nanoparticles must be taken into
account in the realisation process of metasurfaces.

The manufacturing facilities of the LNQE are extremely broad and improving every year. The
fabrication technology of future metasurfaces with alternative substrates or with different
nanoparticle configurations can be tested and developed there.

17 The following fabrication sequence was previously conducted at the LNQE and did not include the deposition of
the discharging layer after spin-coating of the resist. Therefore, the details of this step are not presented here.
Nevertheless, the deposition of the discharging layer must be taken into account in the future fabrication process
within the LNQE facilities.
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Publications - Main Results

The research findings are presented across four publications in peer-reviewed journals, each
offering a comprehensive analysis of the system under investigation and the results obtained.
These papers are organized chronologically, with each subsequent paper addressing progressively
more complex aspects of the study, culminating in the development and fabrication of a
metasurface prototype.

5.1 Research objectives

At the beginning of the research process, it is important to consider the reflectivity effect of the
simplest metasurface design. For this purpose, a metasurface structure composed of spherical
c-Si nanoparticles is chosen, symmetrically and periodically arranged in a homogeneous
polymer medium. The impinging wave is a plane monochromatic light wave at a normal angle
of incidence. Taking into account the technologies used in the current GWDs, the selected
wavelength of light is 1064 nm.

The reflectivity effect can be achieved through resonant excitation of multipole moments in
the nanoparticles. The most practical case involves the excitation of ED and MD moments,
which depends on the geometrical parameters of the spheres and their arrangement, as well as
material parameters, such as the refractive index of the spheres and the surrounding medium.
Theoretical justification of this process, including the corresponding equations, is an important
initial step.

The periodic metasurface can exhibit total reflection (100%) in the case of the absence of
losses and ideal structure, meaning that all nanoparticles, as well as the distance between
them, are identical. To investigate the reflective behaviour, we use two approaches: analytical
calculations based on the coupled dipole approximation and numerical simulations using
Comsol Multiphysics software. The validated numerical simulations can later be applied to
more complicated scenarios, such as cases where nanoparticles are embedded in a finite layer
of polymer, which is closer to realistic conditions. Additionally, the system can be made
more complex and supplemented by introducing nanoparticles with varying diameters and
periodicity distributions. All results from this research are presented in the first published
paper (Section 5.2):
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Publication 1

Andrey B. Evlyukhin, Mariia Matiushechkina, Vladimir A. Zenin, Michèle Heurs, and
Boris N. Chichkov, "Lightweight metasurface mirror of silicon nanospheres
[Invited]", Opt. Mater. Express 10, 2706-2716 (2020). DOI: 10.1364/OME.409311.

In the next stage of the research, it is essential to consider the metasurface on a substrate
to enable fabrication using the laser-printing technique. The substrate material must exhibit
low mechanical losses and low optical absorption at near-infrared and telecommunications
wavelengths. Based on these requirements, sapphire has been selected as a suitable candidate due
to its favourable properties. Since the spherical nanoparticles make contact with the substrate
at only a single point, an additional intermediate protective layer is required. The optical impact
of this intermediate material on the metasurface must be negligible. Therefore, materials such
as polymers (e.g., PDMS) or amorphous substances (e.g., fused silica) are appropriate choices.

The proposed configuration still ensures perfect reflectivity in the absence of losses at the ED
and MD resonant responses of nanoparticles. The wavelength chosen for the investigation
is 1550 nm. The primary objective of the multi-layer configuration is to study the influence
introduced by the contribution of the substrate and the protective layer materials. For this
purpose, we vary the refractive index of the substrate and the protective layer and examine how
dimensional parameters, such as periodicity, must be adjusted to achieve perfect reflection. The
results demonstrate that the contribution of the substrate in the optical response of spherical
nanoparticles is negligible. However, even with a relatively low refractive index of around
1.4, the protective layer has a significant impact that leads to adjustments to the metasurface’s
dimensional parameters.

Additional numerical simulations focus on investigating how random small variations in the
diameter and periodicity of the metasurface on a substrate with a protective layer affect its
reflectivity. The simulations target the excitation of the (MD) moment, revealing that changes
in diameter have a more significant impact than fluctuations in periodicity. Slight variations
in the thickness of the protective layer are also considered, though these can be treated as
negligible in the first approximation.

The reflectivity of the metasurface becomes polarization-dependent when the incident light
deviates from a perfectly perpendicular angle of incidence. The research indicates that
s-polarization is more robust in achieving full reflection compared to p-polarization. All
these findings, along with more detailed discussions, are presented in the second publication
(Section 5.3):

Publication 2

Mariia Matiushechkina, Andrey B. Evlyukhin, Vladimir A. Zenin, Michèle Heurs, Boris
N. Chichkov, "High-efficiency siliconmetasurfacemirror on a sapphire substrate",
Optical Materials 138, 113618 (2023). DOI: 10.1016/j.optmat.2023.113618.

An alternative method for fabricating metasurfaces is electron beam lithography (EBL). This
technique, however, requires that the top and bottom surfaces of the nanoparticles be flat.
Among potential shapes, cylinders offer a significant advantage, as they do not have sharp

https://doi.org/10.1364/OME.409311
https://doi.org/10.1016/j.optmat.2023.113618
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corners that are difficult to produce with high resolution. Thus, as an alternative configuration,
a metasurface composed of cylindrical nanoparticles on a substrate can be fabricated using the
EBL technique. In this case, an intermediate protective layer is unnecessary due to the larger
contact area between the nanoparticles and the substrate.

Before addressing this configuration, it is necessary to first consider the simpler case, where
nanocylinders are embedded in a homogeneous medium 18. This simplification is important
due to the additional geometric parameter of cylinders — their height.

Cylinders offer a distinctive feature compared to spheres: the ratio between the height and
radius of a cylinder allows for manipulation of the relative spectral position of the ED and MD
resonances. In contrast, for spheres in the array with a square elementary cell, the relative
spectral positions of these resonances are fixed. This spectral manipulation of the ED and MD
resonances provides broader flexibility in selecting fabrication parameters and allows control
over the phase of the reflected light field.

Two specific states deserve special attention: the resonant Kerker effect and the anapole state.
The resonant Kerker effect occurs when the ED and MD resonant peaks overlap, resulting in
high transmissivity of the metasurface rather than its reflectivity. For the realisation of high
reflectivity, this state must be avoided, and the undesirable ratio between height and radius that
leads to this effect must be calculated. The anapole state, in contrast, is an interesting state that
provides the suppression of ED scattering. By aligning the MD resonance at the anapole state,
it is possible to create a metasurface magnetic mirror effect.

The design optimisation process for a specific wavelength (for instance, 1550 nm) can be
constructively divided into several steps. To create a metasurface operating at the MD
resonance aligned to the anapole state (magnetic mirror effect), the initial step involves the
consideration of a single nanoparticle. Tuning the aspect ratio between height and radius while
keeping the radius fixed allows for positioning the MD resonance at the anapole state. Then, by
changing the radius while maintaining the aspect ratio, the spectral positions of the dipoles can
be tuned to the desired wavelength of 1550 nm. As a final step, transitioning from the analysis
of a single particle to the metasurface structure, we select the periodicity parameter.

Following a similar procedure, it is possible to create the electric metasurface mirror that
operates at the ED resonant response with the minimum contribution from the MD moment.
The electric and magnetic metasurface mirrors differ in the phase of the reflected light field,
with the relative phase shift equal to π. This research, including the consideration of the mirror
effects at higher-order modes, is presented in the following publication (Section 5.4):

Publication 3

Mariia Matiushechkina, Andrey B. Evlyukhin, Vladimir A. Zenin, Boris N. Chichkov,
Michèle Heurs, "Perfect mirror effects inmetasurfaces of silicon nanodisks at tele-
com wavelength", Adv. Opt. Mater. 12, 2400191 (2024). DOI: 10.1002/adom.202400191.

After a detailed theoretical analysis of cylindrical metasurfaces, the focus shifts to their practical
realisation. The structure consists of an array of cylinders on top of a substrate. The materials
chosen for the metasurface structure are poly-Si and sapphire, respectively. The nanoparticle

18 For reasons of simplicity, the decision was taken to use vacuum in numerical simulations.

https://doi.org/10.1002/adom.202400191
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material of poly-Si is used in preference to c-Si for the first realisation attempt due to the
flexibility to deposit via LPCVD any selected cylinder height.

Simulations in the initial phase provide approximate values for cylinder height that should be
feasible to fabricate in order to avoid the Kerker effect. This data is approximate because the
material parameters, such as refractive index, are sourced from external databases. The actual
refractive index can be measured only after the deposition process of poly-Si layers. Measuring
additionally the exact height after LPCVD, we can determine through simulations the more
accurate values of diameter and periodicity of cylinders needed to achieve high reflectivity at
specific target wavelengths (1064 nm or 1550 nm).

The fabrication process involves EBL, which creates a pattern of nanometer-scale circles 19. The
stages of metasurface fabrication may vary depending on the type of resist used in the EBL
process, the required level of fabrication precision, and the presence of additional materials
utilised for discharging or cleaning. The fabrication sequence employed in our metasurface
development is referred to as the "lift-off" technique, which incorporates the use of an aluminium
mask.

The fabricated metasurfaces must be characterised for their reflectivity at specific wavelengths.
It is reasonable to conduct measurements across a wide frequency range to determine if the
maximum reflectivity aligns with the desired frequency. For this purpose, a white light source
is applied in the near-infrared and telecommunications wavelength range to observe spectral
reflectivity and the width of the excited resonances.

The experimental behaviour of the metasurfaces is in good agreement with the predictions
obtained from the simulations. The methodology presented in the development of the first
prototype of a metasurface mirror, along with the obtained results, are detailed in the fourth
publication (Section 5.5):

Publication 4

Mariia Matiushechkina, Andrey B. Evlyukhin, Radu Malureanu, Vladimir A. Zenin,
Torgom Yezekyan, Andrei Lavrinenko, Sergey I. Bozhevolnyi, Boris N. Chichkov,
Michèle Heurs, "Design and experimental demonstration of wavelength-selective
metamirrors on sapphire substrates", Advanced Photonics Res. 2400116 (2024). DOI:
10.1002/adpr.202400116.

19 A pattern of circles becomes a cylindrical array after the etching process.

https://doi.org/10.1002/adpr.202400116
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Abstract: Many experiments in modern quantum optics require the implementation of
lightweight and near-perfect reflectors for noise reduction and high sensitivity. Another important
application of low mass and high reflectivity mirrors is related to the development of solar or
laser-driven light sails for acceleration of ultra-light spacecrafts to relativistic velocities. Here,
we present numerical results and theoretical analysis of a metasurface mirror consisting of
periodically arranged silicon nanospheres embedded in a polymer. In the absence of material
losses or disorder, this mirror demonstrates absolute 100% reflection at a single wavelength, which
can be tuned by changing nanosphere dimensions or periodicity (for example, by mechanical
stretching). We show that high reflectivity can be reached due to electric or magnetic dipole
resonant responses of Si nanoparticles in the metasurface. Dependence of mirror reflectivity
on surrounding conditions, nanoparticle sizes, and the disorder in the array is studied and
discussed. The optimization and simulation procedures presented in this work can be used for the
development of other optical devices with functional characteristics determined by the resonant
interaction of light with metasurfaces made of nanospheres.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The growing interest in the ability to create small sensitive detectors of weak mechanical forces
and vibrations has stimulated investigations in the fields of optomechanical sensors, cavity
optomechanics, and quantum noise reduction devices [1,2]. One of the main optical components
in such systems is a low mass and high reflectivity mirror which can be used as a suspended
mirror in optical resonators and interferometers. Low mass and high reflectivity mirrors are also
required for the realization of solar or laser-driven light sails for acceleration of nano-satellites to
relativistic velocities and their exploratory missions to nearby stars and exoplanets [3–5].
For the design and fabrication of such mirrors different optical configurations and materials

have been investigated during the last years. One of the approaches in the field of optomechanics
is related to the application of artificial metamaterials [6] composed of specially designed
building blocks (meta-atoms) determining optical and mechanical properties of the total system
and its functional characteristics. In contrast to three-dimensional (3D) metamaterials, which
are used for control and manipulation of light in spectral, spatial, and temporal domains,
two-dimensional (2D) single layer artificial structures, called metasurfaces, provide unique
possibilities for light management and control at the subwavelength scale. In this case, strong
light-matter interaction is reached due to resonant optical responses of meta-atoms building
the metasurface [7]. For minimisation of light absorption in artificial structures, dielectric
high-refractive index nanoparticles are used as building blocks, for example, crystalline silicon
nanoparticles with negligibly small absorption in near-infrared. Due to the high refractive index
(nSi = 3.56 at λ = 1064 nm), the sizes of Si nanoparticles supporting the optical resonant
response can be nSi-times smaller than the free-space wavelength of light [8]. All these properties

#409311 https://doi.org/10.1364/OME.409311
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of silicon nanoparticles make them very promising candidates for the development of ultra-thin
metasurfaces with different optical functionalities [9,10].

In this article, we suggest a straightforward design and numerical optimization procedure for a
low mass mirror based on the spherical nanoparticle structure that allows to achieve extremely
high incident-light reflectivity. This mirror is specially designed for optomechanical applications
and the detection of weak physical forces. Note that the same metasurface mirror concept can
be used for the realization of light sails. For practical realization of low mass, high reflectivity
metasurface mirrors, laser printing of Si nanoparticles is discussed as a promising technology.

The proposed mirror consists of silicon nanoparticles arranged in a 2D subwavelength periodic
array embedded in a polymer elastomer layer of polydimethylsiloxane (PDMS). The size of
the particles and the distance between them are optimized to achieve maximum reflectivity of
the normally incident plane-wave at the near-infrared wavelength of 1064 nm. In this spectral
range, silicon and PDMS exhibit negligibly low absorption which allows to use this mirror in
experiments where light-induced material heating is undesirable [11,12]. Our metasurface design
with only a single layer of nanoparticles allows realization of a thin and lightweight mirror, which
is beneficial over multilayer mirrors usually implemented in mechanical resonators [13,14].
The reflection and transmission of the metasurface is analyzed in the framework of excited

nanoparticle multipole resonances [15]. It is important to note that the suppression of light
transmission is not related to the light absorption, but rather to the destructive interference
between incident and resonantly scattered light in the forward direction. Dielectric nanospheres
support Mie resonances corresponding to the excitation of their different multipole moments.
As will be shown in this article, resonant electric or magnetic dipole scattering can completely
cancel the transmission and provide the near-unity reflection for the light at the target wavelength
of 1064 nm. How to reach high reflectivity in all-dielectric metamaterial structures has recently
been investigated using the effective medium approach (EMA) [16]. In our work we apply a
completely different approach, namely direct multipole analysis, which provides an intuitive
understanding, a rather good match to the simulations, and simplifies the design optimization for
the desired wavelength.
The modelling approach presented in this work is based on full-wave numerical simulations

and semi-analytical calculations developed in the framework of the coupled dipole approximation
[10]. We show that by tuning the array periodicity, it is always possible to get a near-unity
reflectance at a desired light wavelength for any particle diameter within a reasonable range. An
estimate of the metasurface mirror robustness to possible imperfections in terms of deviations
of nanoparticle sizes and their positions is obtained by numerical simulations. The simulated
perfect reflection and suppressed transmission effect by our metasurface mirror agrees well with
the coupled dipole model.

In the sections below, basic parameters of the considered mirror system and applied calculation
approaches are discussed. Then, the obtained results are demonstrated and analysed. Finally, a
short summary of our research is given.

2. Physical model and calculation methods

2.1. Physical system and parameters

Schematic presentation of metasurface considered in this paper is shown in Fig. 1. A periodic
2D array of spherical silicon nanoparticles is placed in a surrounding dielectric matrix with
the refractive index nd. The light beam, considered as a monochromatic plane wave with
linear polarization, is normally incident along the z-axis of the Cartesian coordinate system
illuminating all nanoparticles in the metasurface. The electric field of the incident wave is
E = (Ex, 0, 0) exp (ikdz − iωt), where kd is the wave number in the surrounding matrix, ω is the
angular frequency. In the following, the time dependence exp(−iωt) will be omitted. In our
investigations we consider three different surrounding conditions: i) the array is placed in an
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infinite surrounding PDMS matrix with nd = 1.45; ii) the surrounding PDMS matrix occupies
only semi-infinite space with the other half-space being air; iii) the nanoparticle array is placed
inside a finite size PDMS membrane suspended in air. The refractive index of silicon in the
considered near-infrared region (around the target wavelength of 1064 nm) is assumed to be
constant nSi = 3.56 without any absorption losses [17]. All wavelengths correspond to free space.

Fig. 1. Schematic view of the considered metasurface, composed of nanospheres, arranged
in a square lattice, and definition of basic parameters. The metasurface is irradiated by a
plane monochromatic light wave at normal incidence.

2.2. Calculation approaches

In our numerical simulations, the total electric fields and corresponding reflection and transmission
spectra in the considered systemwith spherical nanoparticles, building an infinite-sizemetasurface,
and embedded in a PDMS matrix, are calculated using the finite element method, implemented
in the commercial software COMSOL Multiphysics.
For analytical calculations, the coupled dipole approximation (CDA) with the inclusion of

only electric and magnetic dipoles is used. Details of this approach are presented elsewhere [10].
Briefly, every particle in the array is considered as a combination of point electric and magnetic
dipoles, located at the particle’s center. The electric pj and magnetic mj dipole moments of the
j-th particle in the array are determined by the following equations

pj = αpEloc , mj = αmHloc (1)

where Eloc and Hloc are the local electric and magnetic fields, respectively, acting on the particle,
including fields of the incident external wave and fields generated by all other particles in the
array. The dipole polarizabilities αp and αm of a spherical particle can be found from Mie theory
[18]. In our case we can write [10]

αp = i
6πε0εd

k3d
a1, αm = i

6π
k3d

b1,

where i is the imaginary unit, ε0 and εd = n2d are the vacuum dielectric constant and the
relative dielectric constant of the surrounding matrix, a1 and b1 are the corresponding scattering
coefficients [18].

Due to the periodicity of the geometry and the external field, all particles in the array have the
same electric and magnetic dipole moments. In this case the field reflection r and transmission t
coefficients are determined only by the elementary cell area SL = P2 containing one particle, the
incident light wavelength, and the effective electric αeff

p and magnetic αeff
m dipole polarizabilities
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[10]:
r =

ikd
2SL

[
αeff

p − αeff
m
]
, (2)

t = 1 +
ikd
2SL

[
αeff

p + α
eff
m
]
. (3)

The above equations are applicable when the array periods are smaller than the light wavelength
in the surrounding matrix and, therefore, light diffraction is absent [10]. It should be noted that
when the particle size becomes large, such that higher-order multipole moments are no longer
negligible, or when higher accuracy is required, one should include higher-order terms into the
above equations [19]. The effective particle polarizabilities are determined by the single particle
dipole polarizabilities and interparticle electromagnetic interactions:

αeff
p =

(
ε0εd
αp
− Sp

)−1
, αeff

m =

(
1
αm
− Sm

)−1
, (4)

where Sp and Sm are the lattice dipole sums for electric-electric dipole and magnetic-magnetic
dipole interactions, respectively. For arrays with a square elementary cell, Sm = Sp (analytical
expressions for Sp and Sm can be found, for example, in [19]).
The intensity reflection R and transmission T coefficients are determined as

R = |r |2, T = |t|2. (5)

As follows from Eqs. (3) and (5), the necessary (but not sufficient) condition for T → 0 is given
by

Re(αeff
p ) = −Re(αeff

m ). (6)

When αeff
p = α

eff
m , the lattice Kerker effect is realized [10,20] and, as follows from Eq. (2), the

reflection is absent.

3. Results and discussion

3.1. Basic configurations

The final goal of our investigations is the realization of a metasurface mirror with strong reflection
at a certain incident wavelength λ = 1064 nm (in vacuum), chosen due to the availability of
powerful and ultra-stable lasers at this wavelength. Using facilities of COMSOL Multiphysics,
the intensity reflection and transmission coefficients for infinite Si-nanoparticle arrays embedded
in surrounding PDMS (nd = 1.45) are calculated as a function of the particle diameter D and the
array period P (the array geometry is shown in Fig. 1). Results of the full-wave simulations are
demonstrated in Fig. 2.
In Fig. 2(a) one can see that the reflection coefficient R can approach unity for almost any

particle diameter D, when the array period P is optimum. Since there are no absorption losses in
the system, meaning R+ T = 1, the proximity of R to 1 can be derived from the proximity of T to
0. Moreover, the absence of losses allows reaching absolute 0 and 1 for R and T at the desired
wavelength (Fig. 2).

Even though the system is quite simple (dielectric spheres, arranged in a square lattice), it
allows different operation regimes, among which we highlighted two [see circles in Fig. 2(a,b) and
corresponding spectra in Fig. 2(c)]. When the particle diameter is D = 248 nm and periodicity
P = 719 nm (point #1), there is a close spectral proximity between suppressed reflection
and suppressed transmission. Therefore, one can exploit such a configuration for modulation
applications, for example, by stretching the array, heating it, or changing the incident wavelength.
Another interesting point (point #2) is selected where the change of the sphere diameter does not
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Fig. 2. (a) Reflection and (b) transmission coefficients of metasurfaces calculated as a
function of the particle diameter and the array period. The surrounding matrix is PDMS
with the refractive index 1.45. Irradiation conditions are the same as shown in Fig. 1, with
the free-space wavelength of 1064 nm. Note hybrid colormap scale, used to enhance the
perception of values near zero and 1. (c) Reflection and transmission spectra of metasurfaces
for two selected sets of parameters (P and D), particularly promising for modulation (black,
point #1), broadband reflector (red, point #2).

influence the reflection and transmission. It appeared that for this configuration our metasurface
behaves as a broadband near-perfect reflector.

Even though broadband operation (point #2) could be advantageous for our goal, the realistic
fabrication of such structures might be extremely difficult due to the proximity of particle diameter
to the periodicity. Therefore, we have chosen realistic configurations with a particle diameter of
D = 290 nm and two array periodicities: P = 602 nm and P = 686 nm, both featuring complete
reflection at the free-space wavelength of 1064 nm (Fig. 3).

In order to clarify physical mechanisms responsible for such high reflection, we apply the CDA
described above. The silicon nanoparticles in metasurface arrays are considered as point electric
and magnetic dipoles with moments defined by the corresponding polarizabilities. In Fig. 3, the
reflection and transmission spectra calculated by analytical and numerical methods are presented.
One can see that the CDA provides reasonably good agreement in the reflection and transmission
spectra with the numerical simulations. In both cases, high reflection is reached at the same
wavelength of 1064 nm. In the CDA the reflection and transmission coefficients [Eqs. (2) and (3)]
are determined by the effective polarizabilities [Eq. (4)]. Their spectral behaviour is shown in
Fig. 4. For the period P = 602 nm [see Fig. 4(a)], the magnetic dipole effective polarizability
αeff

m has a broad resonance at the wavelength λ ≈ 1075 nm. As a result, αeff
m gives the main

contribution into the coefficients r and t and is responsible for the transmission suppression. The
non-resonant contribution of αeff

p only provides an additional small spectral tuning of the reflection
maximum to λ ≈ 1064 nm, owing to the necessary condition of Eq. (6). For better visualization,
the Re(αeff

m ) is plotted with a negative sign, and the crossing with Re(αeff
e ), highlighted with a
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Fig. 3. Comparison between the coupled dipole approximation (CDA) and full-wave
numerical simulations, applied to calculate the reflection and transmission spectra for the
metasurface with diameter of silicon nanospheres D = 290 nm and periodicity (a) P = 602
nm and (b) P = 686 nm. Irradiation conditions are shown in Fig. 1.

green circle in Fig. 4(a), indicates where this condition is satisfied. It should be noted that the
condition of Eq. (6) is also satisfied in another point (at λ ≈ 1025 nm), but there is no total
suppression of the transmission at this point, because, as mentioned before, the condition of
Eq. (6) is not sufficient.

Fig. 4. Effective electric and magnetic dipole polarizabilities, calculated using the coupled
dipole approximation for the metasurface arrays with the periods (a) P = 602 nm and (b)
P = 686 nm, assuming the nanoparticle diameter D = 290 nm. Green circles indicate the
points, where the condition for the complete suppression of transmission [Eq. (6)] is fulfilled.

For the larger period P = 686 nm [see Fig. 4(b)], the electric dipole effective polarizability αeff
p

has a resonance at λ ≈ 1055 nm and provides the main contribution into the reflection, whereas
the non-resonant contribution of αeff

m slightly corrects the spectral position of the reflection
maximum according to the condition of Eq. (6). The green circle in Fig. 3(b) indicates where
Re(αeff

p ) = −Re(αeff
m ). Thus, both magnetic and electric dipole moments, being resonantly

excited, can be responsible for the total suppression of the transmission through the metasurfaces.
Moreover, each region with the suppressed transmission in Fig. 2(b) can be associated to either
electric or magnetic dipole near-resonant excitation. When these two curves are expected to
cross (at D ≈ 260 nm and P ≈ 710 nm), the perfect reflection is lost and replaced with the perfect
transmission. Explanation of this reflection suppression follows from the lattice Kerker effect
[10,20]: when the effective electric and magnetic dipole polarizabilities of nanoparticles are



Research Article Vol. 10, No. 10 / 1 October 2020 / Optical Materials Express 2712

equal to each other, the reflection is significantly suppressed, because every nanoparticle in the
array does not scatter the incident wave into the backward direction [21]. Directly it can be seen
from Eq. (2): when αeff

p = α
eff
m , the reflection coefficient r = 0. Note that, despite transparency of

the metasurface, the polarizabilities of each particle is not zero in this case, but rather resonant,
which could be beneficial for non-invasive sensing or non-linear optical applications.

So far we considered that the metasurfaces are embedded in an infinite homogeneous medium
(PDMS) with the refractive index of 1.45. However, the near-unity reflection can be also realized
when the PDMS surrounding is limited from one or both sides (Fig. 5). Similar to a homogeneous
environment (Fig. 2), strong reflection is realized for certain values of the nanoparticle diameter
and the array period. Due to the high refractive index contrast of particles relative to the PDMS
and air, the partial substitution of PDMS with air does not significantly influence the reflection
and transmission, which can be compensated by slightly changing the periodicity of the array
in order to reach perfect reflection at 1064 nm. Thus, our perfect metasurface mirror can be
extremely lightweight, when Si nanospheres are embedded in thin PDMS membrane [Fig. 5(b)].
When the mirror of the same weight is realized as a silver mirror, its thickness is as low as 30 nm.
Since this is close to the skin depth of silver (which is ≈ 24 nm at the wavelength of 1064 nm),
the expected reflectivity of such mirror is only ∼ 95%.

Fig. 5. Reflection and transmission coefficients of metasurface arrays, embedded in PDMS
(a) semi-infinite space at different depths H and (b) membrane of finite thickness T (see
inserts) as a function of periodicity. All nanoparticles have the same diameter of 290 nm.
Irradiation conditions are shown in Fig. 1 and the vacuum wavelength of incident light is
1064 nm.

3.2. Influence of imperfections

In real experimental situations arrays of nanoparticles include some structural imperfections
related to deviations of the particle sizes and their positions from certain average values. In
order to investigate the sensitivity of the reflection coefficient to this type of imperfections we
simulate reflection from the infinite metasurface arrays with an elementary cell containing four
nanoparicles (Fig. 6). The sizes of the nanoparticles can randomly deviate from the average
diameter D = 290 nm [Fig. 6(a)]. Additionally, the positions of the nanoparticles in the cell can
also randomly deviate from the positions corresponding to perfect periodicity in an ideal array
[Fig. 6(b)].
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Fig. 6. Schematic presentation of the considered metasurface imperfections. Single
elementary cell of periodic arrays with deviations of (a) particle sizes and (b) particle
positions from perfect values.

To estimate the decrease in reflectivity, the metasurface structure with an elementary cell con-
sisting of 4 nanoparticles was modelled and simulated using the software COMSOLMultiphysics
in combination with Java code. The implementation of two programs allowed to generate random
geometry and accumulate the required statistics. Our simulations show that for the maximal
random deviation ∆D = 5 nm from the diameter D = 290 nm the average value of the reflection
coefficient R is equal to 0.9831 which corresponds to a 1.7% deviation from the ideal case. The
random position deviations lead to a reduction of the reflection coefficient which is strongly
dependent on the value of the maximum deviation. If the maximum position deviation is 20 nm
(3.3% of the period of the ideal array) the reflection coefficient is reduced by 1.5% from the ideal

Fig. 7. Strong reflection effect for a Gaussian beam impinging on the finite-size Si
nanoparticle metasurface. (a) Intensity of the total electric and (b) magnetic fields calculated
in the framework of the CDA [10]. The Gaussian beam (radius of waist is 5 µm ) propagates
along the z-axis with E-polarization along the x-axis. Position of the metasurface is
schematically shown by the blue blocks in (a) and (b). Insert picture demonstrates the
nanoparticle structure, and the region inside the red circle is irradiated by the light beam.
Parameters: λ = 1064 nm; nd = 1.45; P = 600 nm; D = 290 nm.
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case. However, increasing the maximum deviation up to 6.7% from the period of the ideal array,
the reflection coefficient decreases by 18%.
The obtained results and additional simulations carried out in the CDA for a finite-size

metasurface structure are shown in Fig. 7. They demonstrate good practical potential of the
silicon nanoparticle arrays for the development of ultra-thin and ultra-low mass optical mirrors
for optomechanical applications.

4. Practical realization

For practical realization of metasurface mirrors made of Si nanospheres, we plan to apply laser
printing technology [22] schematically illustrated in Fig. 8. By illumination of a 50 nm crystalline
Si donor layer coated on a glass substrate with a single tightly-focused Gaussian femtosecond
laser pulse, absorption in the Si layer leads to ultrafast heating and local melting of this layer. At
sufficiently high laser pulse energies, the 50 nm Si layer melts completely, forming a nanodroplet,
induced by the surface tension. This nanodroplet formation is accompanied by the motion
of its centre-of-mass, driving this droplet towards the PDMS layer on the receiver substrate.
During the flight and later contact with the receiver substrate, the nanodroplet will be cooled
down and crystallized in the form of spherical nanoparticles. One can vary the nanoparticle
diameter by simply changing the laser pulse energy [22]. Due to our preliminary experiments
we know that laser printed nanoparticles will be embedded in the PDMS layer. The described
process will be performed in air at atmospheric pressure and the distance between the receiver
and donor substrates will be set at approximately 10 micrometers. After all nanoparticles are
printed, the PDMS layer with the laser printed nanoparticles will be detached from the glass
substrate, producing the desired stretchable membrane, acting as a low mass and high reflectivity
metasurface mirror.

Fig. 8. Schematic illustration of femtosecond laser printing of Si nanoparticles. A 50 nm
crystalline Si layer on donor glass substrate wafer is used as a target (irradiated by single
laser pulses) to generate and transfer spherical Si nanoparticles onto the PDMS layer.

For fabrication of large mirror arrays, the Si donor layer can be lithographically pre-patterned
in the form of periodic circular islands at the required distance between them. In this case many
such islands can be melted and transferred by a single laser pulse. This technique has been tested
and described in our previous publications [23,24].
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5. Conclusion

In this paper, numerical and analytical calculation methods have been applied for investigations
of reflection properties of 2D metasurface arrays, composed of spherical silicon nanoparticles,
arranged in a square lattice. Using numerical simulations we have found certain particle sizes
and array periods, for which a near-unity reflectivity is achieved for the target near-infrared light
wavelength of 1064 nm. It has been shown that the optical response of our metasurface mirror is
only weakly influenced by the surrounding conditions, and this influence can be compensated by
small adjustments of the periodicity in order to reach perfect reflection at the target wavelength.
This allows for realization of perfect and extremely lightweight metasurface mirrors in the form of
Si nanoparticles embedded into a polymer membrane. The optical response of the metasurface is
explained with analytical coupled dipole approximation, whose results agree well with numerical
simulations. Finally, we complited our study by checking the robustness of the real metasurface
to possible disorder in terms of random variation in particle size and position.
These mirrors can also be applied as solar or laser-driven light sails for acceleration of

ultra-light space craft to relativistic velocities. Practical realization of such metasurface mirrors
by laser printing of Si nanoparticles [22] has been discussed.
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A B S T R A C T

For a possible implementation of high-efficiency Si-nanosphere metasurface mirrors functioning at telecom
wavelengths in future gravitational wave detectors, exact dimensional and configuration parameters of the
total system, including substrate and protective coating, have to be determined a priori. The reflectivity
of such multi-layer metasurfaces with embedded Si nanoparticles and their potential limitations need to
be investigated. Here we present the results on how the substrate and protective layer influence optical
properties and demonstrate how dimensional and material characteristics of the structure alter light reflectivity.
Additionally, we consider the impact of manufacturing imperfections, such as fluctuations of Si nanoparticle
sizes and their exact placement, on the metasurface reflectivity. Finally, we demonstrate how high reflectivity
of the system can be preserved under variations of the protective layer thickness, incident angle of light, and
its polarization.

1. Introduction

Investigations of resonant optical properties of silicon nanoparticles
have received significant attention during the last decade [1–4]. Due
to the high refractive index, silicon nanoparticles can support electric
and magnetic types of multipole resonances [5]. It is important to
note that the respective spectral positions of the electric and magnetic
multipole resonances can be controlled by specifying the particle shape,
irradiation conditions, or by arranging the nanoparticles into special
periodic structures [6–8]. In these cases, excitation of different mul-
tipole resonances and their overlap in specified spectral ranges can be
used to monitor and control the process of light scattering, including its
intensity and radiation pattern. These possibilities provide interesting
applications of silicon nanoparticles for the realization of compact
optical devices with tailored functional properties. It has been shown
that by using 2D arrays of disk-like silicon nanoparticles it is possible
to make Huygens metasurfaces [9,10]. Such metasurfaces exhibit total
transmission at resonant conditions due to interference between the
scattered fields generated by the resonant electric and magnetic dipole
moments of nanoparticles. A similar effect (full resonant transmis-
sion) can be realized in metasurfaces consisting of spherical silicon
nanoparticles [11]. The effect of full reflectance is observed when the
structure is tuned only to one of the dipole resonances [12]. Destructive
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interference between the scattered and incident light fields prevents the
beam from propagating through the structure, and so due to energy
conservation, the total light field is reflected back. Using this property
of high-reflectivity and varying the combinations of materials and
geometric parameters, the technology is improving in areas such as
wireless telecommunication, wavefront manipulation and high-quality
imaging [13–16].

Crystalline silicon has a negligibly weak light absorption in the near
infrared range. For this reason, metasurfaces of silicon nanoparticles
have been proposed for the implementation of highly efficient optical
mirrors [17]. It has been shown that periodic arrays of spherical silicon
nanoparticles can demonstrate full suppression of light transmission
and provide almost 100% reflection at the resonant electric or magnetic
dipole conditions. In recent publications [18,19] it has been shown how
an array of silicon nanospheres in a homogeneous medium can act as
a high-reflective mirror at specified wavelengths. Such mirrors have a
range of advantageous characteristics (e.g., ultra-compact, lightweight,
and robust) that make them very attractive for precision metrology
and specialized applications. In particular, these mirrors can be used
in the field of modern quantum optics as a part of an optical cavity, a
photodetector or other devices [20–22]. Moreover, their potential suit-
ability is currently being investigated as an alternative high-reflective
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coating for mirrors in next-generation interferometric gravitational
wave observatories.

With the potential laser beam operation wavelength of 1550 nm,
the cavity optics of the gravitational wave interferometers will be
made from the materials like sapphire or silicon [23,24]. The choice
of coating is still under discussion. The requirements to be fulfilled
are low optical and mechanical losses. The reflectance for different
mirrors can vary in the range of absolute to partial reflection. Current
dielectric coatings have excellent optical and extremely good mechan-
ical properties. However, the internal friction between the layers of
different amorphous oxides, in combination with the thermal noise
from each individual layer, generates one of the limiting displace-
ment noises [25–27]. Moreover, the thickness of such coatings is in
the range of 2 to 6 micrometers. We propose an alternative idea of
using a metastructure, in particular a metasurface, as a coating for
the optics in future gravitational wave detectors. The metasurface has
several advantages: The thickness of the structure is on the nanometer
scale. Moreover, high reflectance is achieved by using only one layer
of nanoparticles avoiding contact between several different material
layers and therefore promising lower mechanical loss.

This article reports on our work towards the development of silicon
nanosphere metasurface mirror at 1550 nm wavelength for poten-
tial implementation in next-generation gravitational wave detectors.
Building on our previous studies that demonstrated the absolute 100%
reflection at a single wavelength of the metasurfaces located in a
homogeneous and isotropic environment [19], in this article we in-
vestigate the influence of multi-layer inhomogeneous media, including
substrate and protective coating, on the reflective properties of the
metasurfaces. With the knowledge that the substrate material below
and a material layer in-between the nanoparticle array can change the
optical properties of the whole structure [28–32], we perform a detailed
numerical analysis of the induced effects. The proposed design of the
metasurface is taken as a periodic construction of silicon nanospheres
placed on a sapphire substrate and embedded in a protective layer (PL)
with a certain refractive index. We demonstrate that the presence of the
sapphire substrate does not deteriorate high reflection of light from the
metasurface at a fixed wavelength; however, the protective layer shifts
the parameters of perfect resonant condition and therefore, has to be
taken into account before the fabrication process. Detailed modeling
is performed to determine the optimum dimensional parameters of the
metasurface that provide high reflection of light at the wavelength of
1550 nm. Moreover, we test the robustness of the metasurface mirror
to possible imperfections (deviations in the size of nanoparticles and
their positions).

2. Model of the structure and physical description

2.1. Main parameters and configuration

The geometrical configuration of the structure is presented in Fig. 1
as an array of nanospheres placed on a sapphire substrate. The spheres
have a fixed diameter (𝐷) and are placed at equal distances from each
other (periodicity 𝑃 ). They touch the substrate only at one point and
can be embedded in an additional protective layer with thickness (ℎ).

The choice of materials is motivated by the chosen wavelength of
1550 nm of the incident light, which is considered to be a linearly po-
larized plane wave incident perpendicular to the structure. Considering
optical and mechanical properties, we selected Si as a high refractive
index material for the realization of the nanoparticle array. Note that
for Si, the absorption of infrared light at wavelengths around 1550 nm
is negligible. Sapphire was chosen as the substrate material as one
of the material candidates for use in gravitational wave detectors. In
contrast to Si, sapphire has low refractive index and therefore has
less impact on the metasurface behavior. A suitable material for the
embedding protective layer (PL) is still under discussion. However, the
necessity of using of such a layer is obvious, as the nanostructure needs

Fig. 1. Schematic view of silicon nanospheres forming a periodic structure (metasur-
face) on top of a sapphire substrate, embedded in a protective layer. Each nanosphere
has a fixed diameter (𝐷) and is placed with distance 𝑃 (periodicity) in 𝑥- and
𝑦-directions to the neighboring spheres. The metasurface is irradiated by a plane
monochromatic light wave under normal incidence with respect to the metasurface
plane: 𝐄0 and 𝐤 are the electric field and the wave vector, respectively.

to be shielded from any kind of damage. The minimum requirement is
that it should have minimal absorption (i.e. be relatively transparent)
for the light, and that its contribution to the mechanical noise should
be low. One of the prospective materials to be used is fused silica
with a refractive index of 1.4 at 1550 nm wavelength. In order to
implement a metasurface mirror in future gravitational wave detectors,
all of the materials of the mirror should exhibit high mechanical
quality factor. The mechanical quality factor of sapphire is higher than
109 [33]. For silicon, a significant reduction of thermo-elastic noise and
consequently a high mechanical quality factor have been demonstrated
at temperatures of 123 K and 18 K [34]. In this article, the operation
of the modeled nanostructure is considered at room temperature.

2.2. Numerical approach

The fundamental behavior of a metasurface is based on the process
of Mie-scattering [35]. The theoretical description and calculation ap-
proaches for the silicon metasurface mirror in a homogeneous PDMS
layer were discussed here [19]. In this article, we get closer to the
realistic case, where we consider Si nanoparticles on a sapphire sub-
strate embedded in an additional layer to protect the nanostructure
from mechanical damage. The theoretical interpretation of the multiple
medium model is more complicated due to the additional transmission
and reflection terms induced by the Fabry–Perot effect in the sapphire
substrate and the embedding layer, which are responsible for the
alteration of the results for the nanoparticle structure in a homogeneous
surrounding. At the same time, the physical origin of optical reflectance
is still based on Mie-scattering. To model the nanostructure and to
simulate its behavior under various geometrical and material parame-
ters, including imperfection effects, we use the commercial simulation
software COMSOL Multiphysics. The computational process is based on
the finite element method, which allows for analysis of the system with
multiple modifications. The configuration, size, material parameters
and irradiation conditions used in numerical simulations are indicated
in this subsection and 2.1. Parameters for imperfection simulations are
provided in the following Section 3.2.

First of all, we investigate the array of Si nanoparticles (refractive
index 𝑛Si = 3.48) located in air and placed on a sapphire substrate
(𝑛sub = 1.75). Secondly, we study the case when this nanoparticle array
is embedded in a protective layer (refractive index 𝑛PL = 1.4) with the
thickness equal to the nanoparticle diameter. Fig. 2 shows the inten-
sity reflection coefficients calculated as a function of the nanoparticle
diameter (𝐷) and the array periodicity (𝑃 ) for both cases and for a
normal incident plane wave with the wavelength of 1550 nm. The
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Fig. 2. Intensity reflection coefficients of metasurface calculated as a function of the nanoparticle diameter (𝐷) and its periodicity (𝑃 ). (a) Si spheres are placed on a sapphire
substrate without a protective layer. (b) Si spheres are placed on a sapphire substrate and embedded in a protective layer with the refractive index 𝑛PL = 1.4. The structure is
irradiated by a plane monochromatic wave at normal angle of incidence. The marked points M’×, M× and E× indicate the parameters (𝐷, 𝑃 ) for the structures discussed in the
text below.

Fig. 3. Color map of (a) magnetic field distribution for M× point with 𝐷 = 468nm; 𝑃 = 750nm and (b) electric displacement field for E× point with 𝐷 = 540nm; 𝑃 = 874nm,
normalized at the values of the magnetic H0 and electric E0 fields of the incident plane wave, respectively. Direction and magnitude of the electric current densities are shown by
black arrows in both images.

maximum value of the period variation should be smaller than 885 nm
(𝜆∕𝑛sub) to exclude diffraction effects into the sapphire substrate [36].
The dark red zone corresponds to a reflection of almost 100%. From
a comparison of the results in Fig. 2a and Fig. 2b, it can be seen that
the inclusion of the protective layer leads only to a shift of the zone
with maximum (∼ 100%) reflection (dark red areas) with regard to the
design parameters (diameter and periodicity).

To elucidate the physical cause of almost ideal reflection, let us
consider the field distributions in metasurface nanoparticles for cases
when the reflection coefficient approaches 1. Fig. 3 presents the mag-
netic (a) and electric (b) fields inside Si nanoparticles calculated for the
parameters corresponding to the marked points M× and E× in Fig. 2b,
respectively. For the point M×, the strong magnetic field is generated
at the center of the Si nanoparticles (Fig. 3a), while for the other point
E×, we observe at the center the strong electric displacement field
(Fig. 3b). Note that such field distributions correspond to the magnetic
and electric dipole resonant responses [37], respectively. Thus, we can
conclude that almost ideal reflection is realized due to the resonant
excitation of magnetic or electric dipole moments of Si nanoparticles.
At these conditions every nanoparticle of the metasurface generates
strong secondary waves which destructively interfere with incident
waves in the transmission direction resulting in the suppression of total
transmission and the realization of a perfect metamirror.

It is important to note that in the case of a homogeneous environ-
ment, perfect reflection can also be obtained due to resonant excitation
of a certain multipole moment of metasurface nanoparticles (a detailed
discussion of this question may be found elsewhere [38]). In our pre-
vious paper [19], the perfect reflection effect in the framework of the
coupled dipole approximation (CDA) has been theoretically proven. In
the CDA approach the reflection 𝑅 and transmission 𝑇 coefficients of a
metasurface located in a homogeneous medium and composed of dipole

nanospheres are determined by the nanosphere effective magnetic 𝛼eff𝑚
and electric 𝛼eff𝑝 dipole polarizabilities [39]

𝑅 =
𝑘2𝑑
4𝑆2

𝐿

(
[Re(𝛼eff𝑝 ) − Re(𝛼eff𝑚 )]2 + [Im(𝛼eff𝑝 ) − Im(𝛼eff𝑚 )]2

)
, (1)

𝑇 =
(
1 −

𝑘𝑑
2𝑆𝐿

[Im(𝛼eff𝑝 ) + Im(𝛼eff𝑚 )]
)2

+
𝑘2𝑑
4𝑆2

𝐿

[Re(𝛼eff𝑝 ) − Re(𝛼eff𝑚 )]2 , (2)

where 𝑘𝑑 is the wave number in the surrounding medium, 𝑆𝐿 = 𝑃 2 is
the elementary cell area defined as a square of periodicity. In [18,19],
using Eqs. (1) and (2), it has been demonstrated that perfect reflection
can be reached at the electric or magnetic dipole resonances.

The presence of the sapphire substrate and the protective layer do
not prevent the realization of perfect reflection due to the magnetic or
electric dipole resonances of Si nanospheres. The existence of the sap-
phire substrate results in modification of the dimensional parameters
(compared to the case of a homogeneous environment) corresponding
to ideal reflection. A more thorough analysis of a multi-layer medium
with different refractive indices will be considered in the next section.

3. Results and discussion

3.1. Substrate and embedding layer impact

First, we consider a model when the particles are located in air and
placed on dielectric substrates with different refractive indices (RI). At
the condition of the magnetic dipole resonance marked as the point
M’× in Fig. 2a, the changes of the substrate RI within the range from
1.65 to 1.85 do not affect the optimal metasurface period for perfect
reflection (Fig. 4a). Substrates with higher refractive indices are not
considered in this paper in order to exclude a discussion of diffraction
effects introduced by the substrate material.
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Fig. 4. (a) Influence of the substrate refractive index on the reflectivity of the metamirror. The diameter of nanoparticles is fixed at 𝐷 = 468nm (marked as M’× in Fig. 2a). (b)
The dependence of power reflection coefficients on the periodicity for different refractive indices of the protective layer (PL) for the nanoparticle diameter 𝐷 = 540nm. The left
and right peaks correspond to the magnetic and electric resonances, correspondingly (the latter is labeled as E× in Fig. 2b).

Fig. 5. Influence of the environment on the metamirror reflection for the fixed
nanoparticle diameter 𝐷 = 540nm: nanoparticles in air (purple), placed on a sapphire
substrate (green), and additionally embedded in a protective layer with refractive index
𝑛PL = 1.4 (red).

When the particles are placed on a sapphire substrate (𝑛sub = 1.75)
and additionally embedded in a protective layer, the sets of dimensional
parameters like nanoparticle diameter and periodicity required for the
realization of high reflectivity tend to be altered (see Fig. 2b). The
magnetic dipole resonance is less affected by presence of the protective
layer (see the perfect reflection around 𝑃 = 670nm in Fig. 4b),
since in this case the strong magnetic field is confined inside the
nanoparticles. Conversely, the electric dipole resonance depends higher
on the refractive index of the surrounding material, due to the strong
electric near-field interaction in the metasurface. For periodicity around
𝑃 = 850nm in Fig. 4b, one can see that the peak of the electric dipole
resonance is strongly shifted to lower periodicity for higher refractive
index of the protective layer, because with increasing refractive index
the distance between the nanospheres providing the same interaction
force is decreased.

Comparison of reflectances for metasurfaces in three different en-
vironments is shown in Fig. 5. The configuration when an array of
silicon nanoparticles is placed on a sapphire substrate and enclosed
in a protective layer (red line) has two peaks corresponding to perfect
reflection. The right peak at the periodicity of 874 nm is formed by the
excitation of electric dipole moment. It appears due to the strong shift
of the electric dipole resonance when the protective layer is included.
The left peak corresponds to the magnetic dipole resonance and ob-
served also in the configurations when the environment is simplified
to a homogeneous medium, like air, or nanospheres are placed on a
sapphire substrate without a protective layer.

3.2. Analysis of imperfections

The computational accuracy allows to define how precise we can
estimate the optical properties and their changes due to configuration
or parameter uncertainties related to the fabrication of the metasurface
and other devices [40]. The accuracy of the conducted simulations
reaches 10−5 using a mathematical approach called Perfectly Matched
Layer (PML). The PML boundary condition allows to avoid back re-
flection from the computational boundary of the model and not to
interfere with the originally scattered field. Therefore, the limiting
computational error is related to the model discretization that depends
on the computational time and resources.

The fabricated metasurface will not consist of perfectly identical
nanoparticles separated at perfectly identical distance from each other.
Such parameters as the diameter and periodicity can fluctuate in a
certain range defined by the accuracy and precision of the fabrication
technology. To estimate the intensity reflection changes in case of
imperfections, we explicitly consider elementary cells with 2×2 = 4 and
3 × 3 = 9 nanoparticles and randomize their parameters around corre-
sponding perfect values in the simulation of the metasurface reflection
properties (see Fig. 6a,b). We consider the case of perfect reflection
at the following parameters (𝐷 = 476nm, 𝑃 = 730nm) of the infinite
metasurface structure on a sapphire substrate embedded in a protective
layer with the refractive index 𝑛PL = 1.4 (Fig. 2b). These parameters
are chosen to provide a relatively broadband mirror performance,
expected from a broad red zone of high reflection in Fig. 2b. Moreover,
the distance between the nanoparticles is large enough to avoid their
contact. That makes this set of parameters feasible in the fabrication
process.

We conducted 100 simulations for different random configurations
and calculated the mean value of the reflection coefficients. The stan-
dard errors of the mean for all solutions are also presented in Fig. 6.
The fluctuations of nanoparticle diameters (Fig. 6a) decrease the mean
value of the reflection coefficient more significantly than the fluctua-
tions of periodicity (Fig. 6b). When diameters differ from the perfect
value by less than 6%, the structure can still be considered as a
highly-efficient mirror.

The metasurface is embedded in a thin layer to protect the structure
against possible damage and impurities. However, the thickness of the
protective layer may also have fluctuations. Driven by the question if
the accuracy of the layer deposition would be relevant in future exper-
iments, we analyzed changes of the intensity reflection coefficients for
different protective layer thicknesses considering two cases presented
in Fig. 7. The red curve corresponds to the resonant excitation of
electric dipole moments (𝐷 = 540nm; 𝑃 = 874nm). The blue curve
corresponds to the magnetic resonant response (𝐷 = 480nm; 𝑃 =
722nm). The dimensional parameters of Si nanospheres in both cases
are taken at the conditions of perfect reflection when the thickness of



Optical Materials 138 (2023) 113618

5

M. Matiushechkina et al.

Fig. 6. The influence of (a) nanoparticle diameter fluctuations and (b) periodicity fluctuations on the mean value of power reflection coefficient. We consider the case of perfect
reflection at the following parameters (𝐷 = 476nm, 𝑃 = 730nm) of the infinite metasurface structure located on a substrate and embedded in a protective layer. Refractive indices
of the substrate and protective layer are 𝑛sub = 1.75 and 𝑛PL = 1.4, respectively.

Fig. 7. Power reflection coefficients of metasurface calculated as a function of the
protective layer thickness, normalized to the value of the nanoparticle diameter (h/D).
The simulations are run at the conditions of magnetic and electric dipole resonances.

Fig. 8. Tolerable angle of incidence 𝜃 of the light beam for different polarization
angles 𝜑: 𝜑 = 0◦ (𝜑 = 90◦) corresponds to s- (p-) polarization of the electric field. The
parameters of metasurface: 𝐷 = 468nm, 𝑃 = 750nm. Refractive index of the substrate
𝑛sub = 1.75, of the protective layer 𝑛PL = 1.4.

the protective layer is equal to the nanoparticle diameter. Fluctuations
in the layer thickness does not significantly decrease the intensity
reflection. When the layer thickness is smaller than the nanoparticle
diameter, the electric dipole moments change and a reduction of reflec-
tivity is observed, since near-field interactions between electric dipole
moments are sensitive to the surrounding medium. The magnetic dipole
resonance is less sensitive due to the localization of the electric field
inside the nanoparticles.

We consider now the case of a slightly oblique incidence of light on
the metasurface and introduce in addition a polarization angle 𝜑. Here
the angle 𝜑 = 0◦ (𝜑 = 90◦) corresponds to s-polarized (p-polarized) light
with 𝐄0 perpendicular (parallel) to the plane of incidence (𝑦𝑧-plane in

Fig. 1). The dependence of the intensity reflection coefficient on the
angle of incidence and the polarization angle are illustrated in Fig. 8.
The investigated point is chosen for the magnetic dipole resonance
(𝐷 = 468nm, 𝑃 = 750nm) marked as M× in Fig. 2b. The metasurface
remains highly-reflective for all polarizations of the electric field if the
angle of incidence is less than 4◦. Note, that for the s-polarization the
reflection remains higher than 0.999 up to 20◦.

4. Conclusion

This article reports on our ongoing work towards the realization of
a highly efficient silicon nanosphere metasurface mirror. The metasur-
face consists of silicon nanoparticles located on a sapphire substrate
and embedded in a protective layer. It has been demonstrated that the
optical behavior of the metasurface mirror can be described by resonant
excitation of electric and magnetic dipole moments. While the substrate
does not noticeably affect the metasurface reflectivity, the presence of
a protective layer requires adjustment of the size parameters (diam-
eter and periodicity) of Si nanospheres at which perfect reflection is
realized. Taking into account the role of possible metasurface imperfec-
tions, it has been found that fluctuations in the nanoparticle diameter
have larger influence on the metasurface reflection compared to fluc-
tuations in periodicity. If the diameter fluctuations are larger than 6%
of the ideal value, the mirror effect may be significantly reduced. It
has been demonstrated that the uncertainties in the thickness of the
protective layer are not critical for the realization of a perfect mirror.
As a final step, deviations in the angle of incidence were considered,
showing that the ideal reflection is maintained at normal incidence and
at angles of incidence less than 4 degrees for all polarization directions
of the incident electric field.
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Perfect Mirror Effects in Metasurfaces of Silicon Nanodisks
at Telecom Wavelength
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and Michèle Heurs

This article explores the design and optimization of nanodisk metasurfaces for
achieving high reflectivity at a defined wavelength. The telecom wavelength of
1550 nm is particularly focused, selected for its potential applications in
next-generation gravitational wave detectors. At this wavelength, the research
goes toward the development of thin, low-loss, high-reflective coatings, where
the metasurface can be chosen as an alternative. An optimization process for
the dimensional parameters of nanodisks is proposed based on a systematic
tuning approach, which facilitates the realization of various configurations of
high-reflective metasurfaces. The concept of the “magnetic mirror effect” is
examined in detail, where the magnetic dipole resonance aligns with the
anapole state. Additionally, high reflectivity at the electric dipole resonance
(“electric mirror effect”) and at the excitation of several multipole moments is
explored, including high-order modes. This variety of configurations affords
more flexibility in the phase manipulation of the reflected beam. Furthermore,
the potential experimental realization of mirror effects is discussed by
exploring the structure in the surrounding medium with a refractive index of
nd = 1.4. This research platform provides a promising tool for the fabrication
of high-reflective nanodisk metasurfaces and demonstrates its applicability
across various fields.

1. Introduction

The appearance of thin, lightweight, optically efficient devices
to control and manipulate light has recently been widely ac-
knowledged across diverse scientific disciplines.[1] Considerable
research efforts are directed toward the development of meta-
surfaces capable of meeting stringent optical and mechanical
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requirements. This involves a diversified
and in-depth exploration of nanoparti-
cle configurations and their operational
modes.[2,3]

The motivation for our metasurface de-
sign has its origin in the field of gravita-
tional wave astronomy. Our research focus
extends towards next-generation projects,
such as the Einstein Telescope,[4,5] where
new techniques and materials are expected
to be used at the telecom wavelength
(1550 nm) to increase the low-frequency
sensitivity of the gravitational wave detec-
tors. Both table-top and large-scale exper-
iments must employ low-loss highly re-
flective coatings deposited on crystalline
structures.[6]

Previous research demonstrated possi-
bilities to design reflective metasurfaces
made of periodically arranged silicon
nanospheres on top of a sapphire substrate
and provided consequent analysis of reflec-
tion sensitivity to fabrication limitations.[7,8]

The design of the nanospherical metasur-
face has the advantage that the behavior of
the system is determined by a minimum

set of dimensional parameters. However, nanosphere manu-
facturing technology, such as laser printing,[9] faces challenges
in maintaining uniform size and precise positioning for each
nanoparticle. As an alternative, electron beam lithography (EBL)
is considered. The EBL capabilities are constrained by the fabri-
cation of vertical walls and, thus, are well suited for the fabrica-
tion of cylinders, cuboids, triangular prisms, etc. To circumvent
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the limitations associated with the uncertainties in achieving the
perfect shape of the sharp corners,[10] we choose for our investi-
gation a cylindrical nanoparticle configuration, which is explored
in this paper.

The dominant resonant effect occurring in nanocylinders
is Mie resonance, based on the same mechanisms as in
nanospheres. High reflectivity from nanocylinders can be ob-
served at either electric or magnetic dipole resonances.[11] How-
ever, the relative spectral positioning of the dipole resonances for
a sphere is strictly fixed, whereas the ratio of a cylinder height to
its radius can alter their mutual spectral correlation.[12,13] For thin
nanocylinders resembling a nanodisk shape (when their height,
H, is less than the diameter, D), the magnetic dipole resonance
is spectrally located in close proximity to the electric dipole reso-
nance, whereas for tall nanocylinders (H > D) the resonances are
spectrally spaced far apart.

The preference toward structures consisting of nanodisks (H<
D) is motivated by achieving thinner and lighter coatings for ap-
plications in quantum metrology and gravitational wave physics.
At the same time, this choice helps to mitigate the challenges as-
sociated with numerous manufacturing defects.[14,15] However,
the optical properties of metasurfaces made from nanodisks re-
quire a more detailed investigation.

At certain size parameters of the nanodisks, the electric and
magnetic dipole resonances, excited by external waves, spectrally
overlap. If this occurs, it may lead to destructive interference be-
tween the electric and magnetic dipole backscattering (Kerker ef-
fect), and consequently to suppression of reflection.[16,17] To avoid
this behavior and obtain high reflectivity, one should choose a ge-
ometry where the dipole resonances are spectrally separated.

By a large reduction in the height of a nanodisk (height is less
than radius), the magnetic dipole (MD) resonance is placed in
the shorter wavelength range compared to the electric dipole res-
onance. Another interesting point for such disk configuration is
the radiationless state of the electric dipole (ED) moment, called
anapole state.[18,19] The reflective properties of the metasurface
in this state are completely defined by other multipole contribu-
tions. Positioning the MD resonance at this state allows to obtain
ideal magnetic dipole scattering[20] and design a “magnetic mir-
ror” with zero phase shift of reflected electric field in relation to
the incident light wave.[21] This paper provides a detailed discus-
sion of the construction method for a “magnetic mirror” tailored
to the operational wavelength of 1550 nm.

Furthermore, the reflection of the mirror can also be predomi-
nantly characterized by the contribution of only the ED moment,
essentially forming an “electric mirror”. We will show how spe-
cific dimensional parameters of the metasurface can be easily
adjusted to operate the mirror at the ED moment or any other
mode, with the potential to change the phase of the reflected
beam. A comprehensive discussion of all cases, accompanied by
information on potential future experimental realization, will be
presented in the concluding sections.

2. Analytical Approach

High-refractive-index dielectric nanoparticles support electric
and magnetic multipole resonances, providing amplitude and
phase manipulations with the incident light field. The shape of
nanocylinders, in particular the ratio between radii and height,

Figure 1. The infinite array of silicon nanocylinders, characterized by their
height H, radius R and periodicity P in x- and y-directions. The unit cell
area, defined by the square of periodicity, is denoted as SL = P2. The re-
fractive index of nanocylinders is nSi. The array is embedded in the sur-
rounding medium with a dielectric constant 𝜀d = n2

d
, where nd is the re-

fractive index of medium. The structure is perpendicularly exposed to a
monochromatic plane wave with a linearly polarized electric field E0 along
the x-axis.

influences the location of electric and magnetic dipole (multi-
pole) resonances on the spectrum, spacing the resonances apart
from each other or making them overlap.[12]

Let’s examine a metasurface, represented as a 2D infinite peri-
odic array composed of identical nanoparticles (Figure 1). The
metasurface is normally irradiated by linearly polarized light,
with the electric field E0 oriented along the x axis. Within the
coupled-dipole approximation theory, the electric-field reflection
r and transmission t coefficients can be written as Ref. [22]

r =
ikd

E02SL𝜀0𝜀d

[
px −

1
vd

my

]
(1)

t = 1 +
ikd

E02SL𝜀0𝜀d

[
px +

1
vd

my

]
(2)

where kd is the wave number in a surrounding medium, SL is the
unit cell area (SL = P2 for the square lattice, where P is the array
periodicity), 𝜖0 is the vacuum permittivity, 𝜖d is the permittivity of
a surrounding medium, vd is the speed of light in the surround-
ing medium, px and my are the in-plane components of electric
and magnetic dipole moments, respectively, induced in all parti-
cles by the incident wave. Here, the electric field E0 is taken in
the plane of the metasurface.

High reflectance is typically attained at the resonances of elec-
tric and magnetic dipole moments when they are spectrally sep-
arated from one another.[11] For this demonstration, let’s present
the dipole moments in the metasurface using the tensors of elec-
tric 𝛼̂eff−E and magnetic 𝛼̂eff−M effective dipole polarizabilities,

px = 𝜀0𝜀d𝛼
eff−E
∥ E0 my = 𝛼eff−M

∥ H0 (3)

where 𝛼eff−E
∥ and 𝛼eff−M

∥ are the in-plane components of the
corresponding polarizability tensors, E0 and H0 are electric and
magnetic fields of the incident plane waves at the points of dipole
locations, H0 =

√
𝜀0𝜀d∕𝜇0E0 (here μ0 is the vacuum magnetic

permeability). Note that the effective polarizabilities can differ
significantly from single particle polarizabilities due to the
interparticle coupling in arrays, especially under the condition
of collective lattice resonances.[23] However, if the single particle
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dipole resonances are realized at subdiffractional periodicity, the
effect of interparticle coupling on the polarizabilities is weak in
this spectral range. This results in only small spectral shifts of res-
onances, while the collective lattice resonances are excluded.[23,24]

Using (3), the reflection and transmission coefficients can be
written as

r =
ikd

2SL

[
𝛼eff−E
∥ − 𝛼eff−M

∥

]
(4)

t = 1 +
ikd

2SL

[
𝛼eff−E
∥ + 𝛼eff−M

∥

]
(5)

Note that at the resonant wavelength 𝜆R, the real part of the dipole
polarizability is zero, so that the polarizability is purely defined by
the imaginary part.

Let’s determine the conditions for achieving 100% reflectivity
in a system with electric and magnetic dipole responses. From
(5) and requirement t = 0 we obtain

𝛼eff−E
∥ =

i2SL

kd
− 𝛼eff−M

∥ (6)

and from (4) and requirement |r| = 1 (i.e., r = ei𝜙,𝜙 ∈ [−𝜋; 𝜋]),
the general solution is

𝛼eff−M
∥ =

iSL

kd

(
1 + ei𝜙), 𝛼eff−E

∥ =
iSL

kd

(
1 − ei𝜙) (7)

It is important to note that control of the contributions of electric
and magnetic dipole polarizabilities in total reflection, in prin-
ciple, makes it possible to control the phase of reflection fields
in the range of 0 to 2𝜋.[25] The phase angle ϕ can be considered
as the phase difference between the reflected and incident elec-
tric fields.

Three partial cases can be distinguished:

1) if r = 1, (𝜙 = 0) then 𝛼eff−M
∥ = i2SL∕kd and 𝛼eff−E

∥ = 0

(magnetic mirror effect) (8)

2) if r = −1, (𝜙 = 𝜋) then 𝛼eff−M
∥ = 0 and 𝛼eff−E

∥ = i2SL∕kd

(electric mirror effect) (9)

3) if r = ± i, (𝜙 = ±𝜋∕2) then 𝛼eff−M
∥ = (i ∓ 1)SL∕kd and

𝛼eff−E
∥ = (i ± 1)SL∕kd (10)

The first two cases correspond to a single-dipole response,
when the polarizability of the other dipole is negligibly small and
does not contribute to reflection and transmission. Case 1) is re-
alized due to the radiation of a magnetic dipole, resulting in the
reflection of an electric field without a phase jump (the effect of a
magnetic mirror). Case 2) corresponds to the effect of an electric
mirror with a 𝜋-change in the phase of the reflected electric field.
For case 3), the participation of both dipoles is necessary: total
reflection is realized between electric and magnetic dipole reso-
nances under special conditions Im(𝛼eff−M

∥ ) = Im(𝛼eff−E
∥ ) = SL∕kd

and Re(𝛼eff−M
∥ ) = −Re(𝛼eff−E

∥ ) = ±SL∕kd. It is important to note
the absorption in the system is assumed to be zero.

Thus, from the above analysis we can write down two neces-
sary and sufficient conditions to achieve total reflection in the ED-
MD approximation for the metasurfaces under consideration:

Re(𝛼eff−M
∥ ) = −Re(𝛼eff−E

∥ ) , Im(𝛼eff−M
∥ ) + Im(𝛼eff−E

∥ ) =
2SL

kd

(11)

Under these conditions, the phase ϕ of the reflected electric field
is determined by the expression:

tan𝜙 =
Re(𝛼eff−E

∥ ) − Re(𝛼eff−M
∥ )

Im(𝛼eff−M
∥ ) − Im(𝛼eff−E

∥ )
(12)

3. Spectral Tuning of the Magnetic Mirror with the
Electric-Dipole Anapole State

Let us consider case 1), when the total reflection is achieved due to
the magnetic dipole resonance excited against the background of
suppression of electric dipole polarizability in the anapole state,
that is, at the point where 𝛼eff−E

∥ = 0. This approach is justified by
the fact that a significant, close to zero suppression of the electric
dipole moment can only be achieved in the anapole state, which
is basically the result of destructive interference between the qua-
sistatic electric dipole and the toroidal dipole moments.[18,26] As
a first step, we will show how the magnetic dipole resonance of
a single silicon disk can be tuned to its electrical dipole-anapole
state in the telecom spectral range for 𝜆= 1550 nm. All numerical
steps are conducted using the commercial software Comsol Mul-
tiphysics, which is based on the finite element method. The re-
fractive index of silicon nanoparticles in Section 3 and Section 4.1
was set to be wavelength independent and equal to its value for
crystalline silicon at the design wavelength: nSi(𝜆) = nSi(1550) =
3.48.[27] After this, having chosen a periodicity, we will construct
a metasurface from these disks and demonstrate the effect of an
ideal magnetic mirror at 𝜆 = 1550 nm precisely due to the coin-
cidence of the magnetic dipole resonance with the anapole state.

Here, we consider an environment with a refractive index
nd = 1. In the final part of the paper, the results obtained will
be generalized to the case of an environment with a higher re-
fractive index.

3.1. Tuning of the Magnetic Resonance to the Anapole State for a
Single Disk Particle

Single spherical nanoparticles support spectrally separated reso-
nant optical responses, with the magnetic resonance occurring at
a longer wavelength range compared to the electric resonance.[23]

A similar behavior is observed for a nanocylinder with a height
equal to twice the radius (H = 2R). To illustrate this statement,
let’s consider both cylindrical and spherical nanoparticles with
the same radius R=Rsp, where R and Rsp are the radius of a cylin-
der and a sphere, respectively. As a starting value, R is estimated
from the MD resonant condition for a sphere in Mie theory R ≈
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Figure 2. a) Scattering cross-section (SCS) and multipole decomposition calculated for a nanocylinder with radius R = 223 nm and height H = 2R.
Shown is the comparison with the SCS of a nanosphere of the same radius (R = Rsp). b) Redistribution of the magnetic and electric dipole resonances
in the spectra of SCSs by changing the height of the nanodisk at a fixed radius R = 223 nm (changing the aspect ratio). The dipole resonances overlap
when H ≈ R. The asterisk symbols denote the maximum of magnetic dipole contribution and the minimum of the electric dipole response (the anapole
state). c) The spectral position of the MD maximum and anapole state as a function of the aspect ratio of the nanodisk. These states intersect at H/R
= 0.725. The multipole decomposition of SCS for this point is plotted in the lower right corner of the graph. d) The alignment of the MD resonance and
the anapole state to a 1550 nm wavelength by tuning the radius to R = 337 nm at the fixed aspect ratio of R/H = 0.725. All calculation is done with a
constant refractive index of silicon nSi = 3.48.

𝜆/2nSi, where 𝜆 = 1550 nm, nSi = 3.48, resulting in a radius of
approximately 223 nm.

The total scattering cross-section (SCS), along with its multi-
pole decomposition for a nanocylinder, are presented in Figure 2a
by solid curves (see Appendix for the details of the calculation).
The contribution of quadrupole moments (EQ, MQ) to the total
scattering is found to be negligible in comparison to the electric
(ED) and magnetic (MD) dipole moments. As expected, the to-
tal SCS of the nanosphere (dashed curve in Figure 2a) has sim-
ilar shape as that of the nanocylinder, but blueshifted du to the
smaller volume of the nanosphere.

In conclusion, for nanocylinders whose height surpasses their
diameter, we operate exclusively in the distinct dipole regime de-
scribed by the MD resonance at longer wavelengths.

Before further discussion, let’s pre-define the terminology for
nanocylinders with a height less than diameter (H/R < 2), calling
them nanodisks.

By reducing the nanodisk height while keeping the radius con-
stant, or in other words, by altering the height-to-radius aspect
ratio (Figure 2b), both the ED and MD resonances shift toward
shorter wavelengths. Notably, the MD peak shifts faster com-
pared to the ED peak. The tendency can be explained by electric
field redistribution within the particle, where MD has a periph-
eral distribution of polarizability currents.[13] In contrast, the ED

has a concentric field inside of the nanoparticle, making it com-
paratively less sensitive to changes in height.

As the nanodisk height decreases, the resonances come into
closer proximity. In the regime around equal height and radius
(H ≈ R), the dipole resonances overlap, leading to the resonant
suppression of the backward scattering known as the Kerker
effect.[11,13] Continuing the reduction in height results in the reso-
nances drifting once more apart, with the MD peak positioned to
the shorter wavelength relative to the ED one. The maximum of
the MD resonance is marked by the asterisk symbol in Figure 2b.
In this regime, particular attention is drawn to the anapole state,
also denoted by the asterisk symbol placed on the left side from
the ED peak. The anapole state features substrantial suppression
of the ED contribution, thereby supporting the reflectivity solely
due to the MD response.[20]

Figure 2c illustrates the shift of the anapole state and the maxi-
mum of the MD contribution with respect to the height-to-radius
aspect ratio (H/R). Their intersection defines the exact ratio when
the resonant maximum of the magnetic dipole moment overlaps
the anapole state. Such a point corresponds to the ratio H/R ≈

0.725 at the wavelength of 𝜆 = 1026 nm. In order to achieve the
same condition at the wavelength of interest (1550 nm), the size
of nanodisk should be scaled accordingly. The multipole decom-
position of SCS for the scaled disk of the radius R = 337 nm and
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Figure 3. The behavior of the array of identical nanodisks (R = 337 nm, H/R = 0.725) at 1550 nm wavelength. a) The dependence of reflection on
periodicity. Full reflection occurs around P = 1239.5 nm. The tolerance in the periodicity can be up to 70 nm for the reflection of more than 90%. b)
Dipole decomposition in the periodicity range. There is no mutual contribution to the anapole state of each individual nanoparticle. The magnetic dipole
has its maximum at the same periodicity P = 1239.5 nm as total reflection.

the aspect ratio H/R= 0.725 verifies the pure MD resonance with-
out ED contribution at the wavelength of 1550 nm (Figure 2d).
Although the MQ moment is also shifted into the telecom spec-
tral range, its scattering cross-section is significantly smaller than
for the MD moment.

3.2. Magnetic Mirror Effect

The array of nanodisks forms a metasurface characterized by
its reflectivity. Magnetic mirror metasurface features high re-
flectance at the magnetic dipole resonance without any electric
dipole excitation. Moreover, at such an operational point, the in-
cident light beam reflects back without any phase shift in the ab-
sence of contribution from higher order modes, as seen in Equa-
tion (8).

Transitioning from the analysis of a single nanoparticle to the
structured collective behavior, it is essential to account for the in-
terparticle coupling effect. The position of nanodisks, described
by periodicity P (Figure 1), has an impact on the total electric field
of nanoparticles. This influence results from the mutual interac-
tions in combination with the individual response to the incident
light field.

A single nanoparticle resonating at the MD moment aligned
to the anapole state at a wavelength of 1550 nm has geometric pa-
rameters of radius R = 337 nm and aspect ratio R/H = 0.725. Tak-
ing these parameters for each nanodisk of the array, we observe
the change in reflection as a function of periodicity (Figure 3a).
The full reflectance in the case of zero absorption for the non-
diffractive periodicity range is obtained at P = 1239.5 nm.

By extracting the polarization density for a nanoparticle within
the array and incorporating it into the equations for the multipole
moments, and then calculating the scattering cross-section us-
ing Equation (A2) for a single nanoparticle in a homogeneous
surrounding, we formally obtain information about which mul-
tipoles make a resonant contribution to the perfect reflection ef-
fect. This type of analysis has been applied to the current meta-
surface (Figure 3b), showing the dependency of scattering cross-
section on periodicity. The plot demonstrates that the MD ex-
hibits the same profile as the reflection curve, with its maximum
resonance situated at the identical periodicity of P = 1239.5 nm.

The electric dipole moment, on the other hand, is suppressed and
remains unaffected by periodicity change.

The resonance quality factor, defined as the periodicity mis-
alignment tolerable to exceed 90% reflection, is 70 nm.

In this section, we showed how to conduct an optimization
procedure in order to find the parameters for the magnetic mir-
ror effect at a specific wavelength. In the next section, we con-
sider the electric mirror effect and other possible solutions for
nanodisk metasurfaces.

4. Ideal Reflection of Nanodisk Metasurface with
Various Phase Control

4.1. Electric Mirror Effect

The realization of a fully reflective mirror is possible not only at
the magnetic dipole resonance but also at the electric one Equa-
tion (9). It’s important to note that the ideal electric mirror effect
is achievable in the complete absence of a magnetic response.
Although such nanoparticle geometries do not allow for a radia-
tionless state of the magnetic dipole moment, it is still feasible to
tune the metasurface in such a way that the input from the MD
is negligible compared to the ED moment.

We know that by reducing the radius of the nanodisk and
keeping the aspect ratio the same, we reduce the volume of the
nanoparticle and shift electric and magnetic resonances simulta-
neously to a smaller wavelength range. To get the electric mirror
effect at 1550 nm wavelength, the radius of the nanodisk is var-
ied by keeping the aspect ratio of nanoparticles and periodicity
of the array the same (Figure 4a). The full reflection for the elec-
tric mirror effect is observed at R = 308 nm. To show that the
following analysis is correct, the multipole decomposition is pre-
sented in Figure 4b. The resonance of ED on the plot is placed at
1550 nm wavelength, with a subtle maximum shift attributed to
the influence of interparticle coupling.

The phenomenon known as the electric mirror effect is
characterized by a phase shift of the reflected beam with respect
to the incident light field to ϕ = 𝜋, whereas the phase shift for
the magnetic mirror effect is equal to zero, ϕ = 0. The standing-
wave pattern in Figure 4c shows that the 𝜋-phase shift for the
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Figure 4. a) Reflection of different metasurfaces at 1550 nm wavelength versus disk radius (at fixed height-to-radius aspect ratio). The decrease of the
radius leads to the transition from the mirror with magnetic effect (R = 337 nm, H/R = 0.725, P = 1239.5 nm) to the mirror operating at electric dipole
resonance (R = 308 nm, H/R = 0.725, P = 1239.5 nm). b) Multipole decomposition of the scattering spectra for a particle in the metasurface with electric
mirror effect. c) Visualization of the 𝜋-phase shift (𝜆/2, where 𝜆 = 1550 nm) in reflection between the metasurface supporting magnetic mirror effect
(left panel) and the metasurface of electric mirror effect (middle panel). Their comparison with the perfect electric conductor (PEC) placed at the center
of the nanoparticles.

electric mirror leads to destructive interference in the near field
region. The near field of magnetic mirror due to the constructive
interference has its maximum. The operation of these two
mirrors differs in the phase control of the reflected beam, where
the phase of the total electric field can be modulated around half
of the wavelength 𝜆/2.

Our precise numerical calculations show that the difference
between the two marginal cases does not align exactly with 180°,
but instead displays a slight deviation, reaching 2.5°. This dis-
crepancy can be attributed to the influence of higher order modes
in reflectivity and limitations in achieving complete elimination
of the MD response. Furthermore, we conducted a comparative
analysis of metasurfaces with a perfect electric conductor (PEC)
positioned at the center of the nanoparticles. This comparison
indicated that the effective center of reflection for these nanopar-
ticles is displaced relative to their physical center, which results
in a consequential shift of the far-field up to 20°.

4.2. Other Cases

A comprehensive overview of all potential configurations of a
metasurface, with varying aspect ratios of nanodisks to achieve a
high reflective state in the telecom wavelength range, is presented
in Figure 5a. It’s important to note that a general analysis of the
spectral representation is essential for a proper understanding of
all possible resonant states and their spectral positions relative

to each other. By adjusting the dimensional parameters of the
nanoparticle array, each resonant state can be tuned to a desired
wavelength. In our case, the radius of the disks and their periodic-
ity (R = 337 nm, P = 1239.5 nm) are taken from the previous op-
timization analysis, where the magnetic mirror was specifically
designed to exhibit high reflectivity at 1550 nm wavelength. All
metasurfaces are configured in the non-diffractive regime, mean-
ing the periodicity P is smaller than the wavelength 𝜆. For this
analysis, we still consider air surrounding the structures (nd = 1).
The refractive index of silicon nSi in the further investigation is
taken as the wavelength-dependent value at room temperature
according to Ref. [28].

Total reflection, represented by the red area, is observed across
various nanoparticle resonances and their combinations. By
choosing the specific aspect ratio of nanodisks and looking at the
spectra of multipole decomposition, we can define multipole mo-
ments responsible for the optical properties of the metasurface.

In Figure 5b, we illustrate an example of a metasurface with
the arbitrarily chosen aspect ratio of H/R = 1.6. The purple
dashed line represents the reflection profile, with its correspond-
ing axis on the right side of the graph. The scattering cross-
section of multipoles is presented by solid lines with its axis on
the left side. The metasurface, characterized by dimensional pa-
rameters R = 337 nm, H/R = 1.6, and P = 1239.5 nm, exhibits
full reflection at the wavelengths of 1511 , 1636, and 1912 nm.
The first point of total reflection at the lowest wavelength oc-
curs due to the electric quadrupole moment (EQ), followed by the
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Figure 5. a) Reflection of metasurfaces with different aspect ratios for the telecom wavelength range. The 2D plot shows the relative spectral position
of the dipole and quadrupole moments responsible for the high reflectivity of the metasurfaces. The dashed white circle indicates the area of high
transmittance due to the overlap of the magnetic and electric dipole moments (Kerker effect). The dashed black line is a reflection spectrum presented
in (b). The dashed orange line shows possible high-reflective metasurface configurations at 1550 nm wavelength. b) Multipole decomposition (left axis)
and reflection (right axis) of the metasurface with H/R = 1.6 aspect ratio at telecom wavelengths.

second maximum resulting from the mutual contribution of elec-
tric dipole (ED) and magnetic quadrupole (MQ) moments. The
last reflection maximum is attributed to ED with a small contri-
bution of MD. By adjusting the disk’s radius and periodicity while
maintaining a constant aspect ratio, we can tailor each resonance
to the desired wavelength.

Furthermore, Figure 5a shows that achieving total reflection
at a wavelength of 1550 nm is not limited to the magnetic mir-
ror regime corresponding to the aspect ratio H/R = 0.725. Total
reflection is also attainable for H/R = 1.48 with the excitation of
ED and MQ moments (dashed orange line), as well as for H/R =
1.72 with the dominant contribution of the EQ moment.

Within the aspect ratio range of 0.795 to 1, the overlap between
ED and MD resonances precludes high reflectivity of the meta-
surfaces at any wavelength (the white dashed circle in Figure 5a).
As mentioned above, the phenomenon, known as the Kerker ef-
fect, originates from the destructive interference of scattered light
from ED and MD moments and can lead to the Huygens meta-
surface effect.[13,25] The reflection bandgap between the marginal
points of aspect ratios H/R = 0.795 (dashed) and H/R = 1 (solid)
is shown in Figure 6. The mutual crossover of ED and MD res-
onances is clearly visible. The MD resonance undergoes a more
rapid spectral shift compared to the ED resonance, as detailed in
the earlier sections. It is interesting to notice that the maxima of
reflection in Figure 6 align with the intersection points of ED and
MD resonances, rather than with the maxima of their peaks. The
values of the scattering cross section at these points from both
resonances are equal, resulting in a comparable contribution to
perfect reflection. Extracting information about ED and MD mo-
ments and substituting it in Equations (3) and (4), we observe
that these metasurface configurations are close to the third par-
tial case Equation (10).

The next analytical step, validating the concept for practical
realization, involves the consideration of a metasurface within
a medium.

5. Metasurface in Medium

For practical realization, let’s consider a metasurface placed in
the surrounding medium with the refractive index nd = 1.4 (cor-

responding, for example, to polydimethylsiloxane[29] and fused
silica[30] materials). To ensure operation in the non-diffractive
regime, the periodicity of the nanodisks must be smaller than
𝜆/nd. For comparison, let’s assume the same nanodisk radius of
R = 337 nm, but with the scaling periodicity of P/nd = 885.4 nm,
where P is the periodicity in Figure 5a.

The reflection plot in Figure 7a for different nanodisk aspect
ratios and wavelengths demonstrates the potential to attain to-
tal reflection, analogous to the high-reflective curves observed in
Figure 5a. Note that the contributions of quadrupole moments in
the scattering are weak for nanodisks of this radius.

The dashed black line corresponds to a reflection profile for
the metasurface with an aspect ratio of H/R = 0.725, which was
the parameter for the magnetic mirror effect in Section (3.2). The
multipole decomposition of the metasurface (Figure 7b) illus-
trates the position of the MD resonance maximum with respect
to the anapole state. Their relative shift (absence of overlap) in-
dicates an uneven displacement of the resonant curves due to

Figure 6. Scattering cross-section of electric and magnetic dipole mo-
ments (left axis) and reflection (right axis) for two metasurfaces (H/R =
0.795 & H/R = 1) as functions of wavelength.
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Figure 7. a) Reflection of metasurfaces embedded in a medium with refractive index nd = 1.4 for different aspect ratios in the telecom wavelength
range. The reflection profile at H/R = 0.725 is marked by the black dashed line. b) Multipole decomposition (left axis) and reflection (right axis) of the
metasurface with H/R = 0.725 aspect ratio at telecom wavelengths. The wavelength 𝜆 is presented in free space.

the surrounding medium. The behavior originates from differ-
ent field redistribution in MD and ED resonances. To obtain a
magnetic mirror effect in the medium with nd = 1.4, another
optimization iteration is necessary, following the same steps de-
scribed in the previous chapters.

The reflection profile is represented by a purple dashed line
with the axis on the right side (Figure 7b). Although the ob-
served dipole resonances don’t resemble the specific cases of
Equation (7) because of the contribution of the quadrupole mo-
ments, the total reflection is achievable for the general scenario.

Under fabrication considerations, the silicon nanodisk meta-
surface structure can be fabricated on top of a dielectric substrate,
which can affect metasurface optical properties.[31,32] By cover-
ing the nanostructure with an additional matching layer with a
refractive index close to that of the substrate, the metasurface
can be considered in a homogeneous environment. Therefore, in
the experimental realization, the near-complete reflection can be
achieved in accordance with the models presented in our paper.

The additional estimations show that reflectivity can remark-
ably depend on polarization of oblique incident light field. How-
ever, for the gravitational wave detection application, the linearly
polarized light at zero angle of incidence is of primary interest,
so our research is focused on this case.

6. Conclusion

In this paper, we have discussed nanodisk metasurfaces and ex-
plored their potential operational configurations to achieve high
reflectivity. We presented a concept of how to step-by-step opti-
mize the dimensional parameters of the metasurface and tune it
to the specific resonant response at the wavelength of interest.

As an example of the design, a reflective metasurface operat-
ing at the magnetic dipole moment aligned to the anapole state
(magnetic mirror effect) at a wavelength of 1550 nm has been
proposed. This wavelength was chosen based on the potential
implementation of the technology in the research field of gravi-
tational wave detection. Successive tuning of the aspect ratio and
radius of an individual nanodisk and then the periodicity of the
array demonstrated the precise optimization of the ideal reflec-
tion effect at the required wavelength. At the same time, informa-

tion on the multipole contribution to the reflectivity was formally
obtained from single-particle cross-section simulation with mul-
tipole decomposition. For the same wavelength of 1550 nm we
were able to numerically modify the radius of the disks so that
they would be resonant at electric dipole moment.

We showed various metasurface designs capable of achieving
high reflection with varying phases of the reflected light field in
the range of 𝜋 to −𝜋, accomplished through a combination of
dipoles. Additionally, we demonstrated the potential of high re-
flection due to the influence of quadrupole moments. Notably,
even in the scenario of the metasurface embedded in the sur-
rounding medium with the refractive index of nd = 1.4, full re-
flection was successfully achieved in the simulations. The con-
sidered theory and simulations are in full agreement with each
other. The developed approach can be applied to the tuning of
the perfect mirror effect at different wavelengths in the spectral
region where the absorption in silicon is negligibly small. The
results pave the way for the potential implementation of this re-
search in future fabrication processes.

Appendix A: Multipole Decomposition of
Scattering Cross-Sections

The total scattering cross-section is a sum of contributions from differ-
ent multipole moments[33–35]:

𝜎total
sca = 𝜎p

sca + 𝜎m
sca + 𝜎Qe

sca + 𝜎Qm

sca +⋯ (A1)

where p - the electric dipole moment, m - the magnetic dipole moment, Qe

- the electric quadruple moment, Qm - the magnetic quadruple moment.
This expression can also be written as follows:

𝜎total
sca =

k4
0
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∑
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+
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(A2)

where Einc is the electric field of the incident wave, k0 is the
wavenumber in vacuum, 𝜖0 and μ0 are the electric permittivity
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and the magnetic permeability of free space, respectively, 𝜖d is the
relative dielectric permittivity of the surrounding medium.

The exact multipole moments can be derived using the induced elec-
tric current density J𝜔, distributed within the nanoparticle volume V. The
indices 𝛼, 𝛽 iterate over the values x, y, z.

p𝛼 = i
𝜔

{
∫V

d3r J𝜔𝛼 j0(kdr) +
k2

d

2 ∫V
d3r

[
3(r ⋅ J𝜔)r𝛼 − r2J𝜔𝛼

] j2(kdr)

(kdr)2

}

(A3)

m𝛼 = 3
2 ∫V

d3r[r × J𝜔]𝛼
j1(kdr)

kdr
(A4)

Qe
𝛼𝛽 = 3i

𝜔

{
∫V

d3r
[
3
(

r𝛼 J𝜔𝛽 + r𝛽 J𝜔𝛼
)
− 2(r ⋅ J𝜔)𝛿𝛼𝛽

] j1(kdr)

kdr

+ 2k2
d ∫V

d3r
[
5r𝛼r𝛽 (r ⋅ J𝜔) −

(
r𝛼 J𝜔𝛽 + r𝛽 J𝜔𝛼

)
r2 − r2(r ⋅ J𝜔)𝛿𝛼𝛽

]

j3(kdr)

(kdr)3

}
(A5)

Qm
𝛼𝛽 = 15∫V

d3r
(
r𝛼 [r × J𝜔]𝛽 + r𝛽 [r × J𝜔]𝛼

) j2(kdr)

(kdr)2
(A6)

kd is the wavenumber in the surrounding medium, jn(kdr) is the n-th
order spherical Bessel function.

The simulation software Comsol Multiphysics, used in the paper for
the metasurface optimization process, calculates the polarization density
P, which is related to the electric current density J𝜔 by the equation:

P = −
J𝜔

i𝜔
(A7)

The information about the total scattering cross-section is applicable
to the study of resonances of a single nanoparticle. In the context of meta-
surface investigation, our focus shifts to the relative contributions of indi-
vidual multipoles. By extracting information about the polarization density
P′ of the nanoparticle within the array and incorporating this data into the
equations for multipole decomposition, we can estimate the relative exci-
tation of dipoles and quadrupoles across the spectral range.
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Design and Experimental Demonstration of Wavelength-
Selective Metamirrors on Sapphire Substrates

Mariia Matiushechkina,* Andrey B. Evlyukhin,* Radu Malureanu, Vladimir A. Zenin,
Torgom Yezekyan, Andrei Lavrinenko, Sergey I. Bozhevolnyi, Boris N. Chichkov,
and Michèle Heurs

1. Introduction

Modern advances in dielectric nanophotonics[1–3] bring new
opportunities to the development of nanoscale devices and
systems for monitoring and controlling light fluxes, including

control of the transmission, reflection
and polarization of light,[4,5] nonlinear
generation,[6–9] sensing,[10,11] laser genera-
tion,[12–14] visualization,[15–17] and others.
However, achieving high efficiency of
devices based on the optical properties of
metasurfaces requires the use of detailed
theoretical tuning methods and the practical
development of experimental approaches.
This, in turn, is determined by the func-
tional requirements that apply to the final
device. In this regard, systems based on
metasurfaces of various configurations have
become widely investigated.[18–20]

Metasurface mirrors, or metamirrors,
represent a 2D analogue of metamaterials
that can exhibit high reflectivity at
certain wavelengths. The metasurface can
be configured with an array of metallic[21,22]

or dielectric[23,24] nanoparticles supporting
resonant optical response[25,26] and having
various geometrical configurations, includ-

ing gratings,[27] bricks,[28] cylinders,[29] and so on. Moreover, the
reflected light field can be manipulated to the desired phase
shift,[30] polarization,[31] or different angles of reflection.[32–34]

Theoretically, the reflection effect in dielectric metasurfaces
has been broadly studied during the last decade.[35–40] The
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The increasing demand for novel mirror coating designs for new generation
of gravitational wave detectors is stimulating significant research interest in
investigations of reflective properties of metasurfaces. Given this strong interest,
this article details a systematic methodology for fabricating reflecting metasur-
faces (metamirrors) designed to operate at target wavelengths of 1064 or
1550 nm. The proposed metasurfaces consist of silicon cylindrical nanoparticles
placed on a sapphire substrate. First, the dimensional parameters of the
structures are thoroughly selected through numerical simulations combined with
material characterization. The configurations are subsequently analyzed analyt-
ically to reveal the mirror effect, which arises from the excitation of electric and
magnetic dipole moments. Following this, the metasurfaces are fabricated and
experimentally characterized, demonstrating reflectivity exceeding 95% around
the design wavelengths, which is in good agreement with theoretical predictions.
Overall, the work demonstrates the feasibility and detailed methodology for the
fabrication of thin, lightweight metamirrors capable of achieving near-perfect
reflectivity at the specified target wavelengths.
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phenomenon of reflection arises from the resonant excitation of
dipole or higher order modes within nanoparticles,[3,41] which
are inherently known as Mie resonances. The appropriate size
of dielectric nanoparticles, in conjunction with their high
refractive index, provides an essential amplitude and phase of
the scattered electromagnetic waves. This results in destructive
interference between the incident and scattered light fields in the
direction of propagation, preventing light from passing through
the structure and thus enabling reflection.[42,43]

In addition, the reflectivity of a metasurface is influenced by
the surrounding medium, which is necessary for the practical
realization of the structure. For instance, to mitigate the contri-
bution of the underlying supportive substrate, a significant
refractive index contrast between the nanoparticles and the
substrate should be ensured. This contrast helps to minimize
the substrate influence, allowing the reflectivity to result mainly
from the resonant behavior of the nanoparticles.[44] Otherwise,
the presence of a substrate may have the opposite effect of
suppressing reflection.[45,46]

Considering a number of important practical properties of
metasurfaces, such as compactness, lightness, strength, and high
reflectivity, these structures have been proposed as an elemental
basis of mirror instrumentation for gravitational wave (GW)
detection.[47] Therefore, our interest lies in the design of a meta-
mirror that is beneficial in the future generation of GW detectors,
where the contribution of thermal noise has the greatest impact
on the choice of materials and geometry.[48–51] The current GW
detectors work at room temperature and use the laser beam at
1064 nm wavelength.[52] The operational wavelength of future
GW detectors at cryogenic temperature is 1550 nm.[53] The
selected promising materials for cryogenic temperature are
crystalline silicon and sapphire, which exhibit low thermoelastic
and Brownian noise,[54,55] in combination with low absorption at
telecom wavelengths.[56]

The platform of silicon-on-sapphire (SOS) is commonly used
inmetasurface designs for optical sensing,[57] wavelength conver-
sion,[58] alteration of beam propagation,[59] single-shot spectropo-
larimetric detection and accurate determination of thin film
properties,[60] and so on. Our device, based on the resonant light
reflection by a silicon metasurface on a sapphire substrate, is tai-
lored for potential implementation in GW registration techni-
ques, in particular, for the Einstein Telescope project,[53]

where a single-layer metasurface has the advantage in terms
of thermal noise at cryogenic temperatures in comparison with
traditional Braggmirrors. Sapphire substrates are already used in
KAGRA cryogenic interferometers of the second-generation GW
detectors.[61] Moreover, such metasurfaces can be implemented
in the field of quantum metrology, where the piezoelectric prop-
erty of the sapphire C-plane surface (0001) can lead to a slight
change in nanoparticle periodicity and, consequently, to alter-
ation of reflectivity.

In this article, we present the whole metasurface mirror reali-
zation process, including the stages of theoretical design, fabri-
cation, and experimental characterization. The theoretical and
fabrication stages include a number of features that must be
taken into account to achieve high reflectivity at certain spectral
points. The functional characteristics of the resulting mirrors are
assessed by comparing experimental reflection spectra with the
theoretical ones. The result of this scientific research shows how,

from scratch, to develop the metasurface structures with the
behavior corresponding to the predicted simulations and deter-
mines the key features of the fabrication process that affect the
level of reflection. This study is an important step toward creating
metamirrors with a selective reflectivity close to ideal.

2. Metasurface Design

Since the implementation of the mirror effect is focused on a
specific application with pre-known spectral characteristics, the
practical production of metasurfaces begins with a theoretical
assessment and selection of the necessary geometrical parame-
ters on the basis of the material parameters obtained from cur-
rent experimental measurements. Therefore, the first part of the
article will be devoted to this important stage. All numerical sim-
ulations are carried out using the COMSOL Multiphysics
software.

2.1. Model

The target wavelengths are 1064 and 1550 nm due to their
current and potential use in GW detectors. The metasurfaces
are designed for both wavelengths to conduct a comparative
analysis and facilitate the integration of the fabricated structures
with existing optical devices.

The selected materials for metasurface realization are SOS.
The high refractive index of silicon enables the design of nano-
particles with a small size and a proper fabrication distance
between them. In contrast, the low refractive index of sapphire,
which is approximately twice less than that of silicon, enables the
sapphire substrate to have a minimum effect on the metasurface
reflectivity.

One potential shape of nanoparticles that can be manufac-
tured by existing technology, such as electron-beam lithography
(EBL),[62] is a nanocylinder. The geometry is chosen with the con-
sideration of circumventing fabrication challenges associated
with defining the resolution of the corners.

The schematic of the potential metasurface on a sapphire sub-
strate is presented in Figure 1. The refractive indices of silicon,
sapphire, and air are designated as nSi, nAl2O3

, and nair, respec-
tively. The geometry of periodically arranged nanoparticles is
defined by the following dimensional parameters: diameter

Figure 1. The design of a metasurface composed of silicon (nSi) nanocy-
linders on top of a sapphire (nAl2O3

) substrate. The array of nanocylinders
is characterized by parameters of diameter D, height H, and periodicity P
in the x- and y-directions. The structure is illuminated in air (nair) by a
normally incident monochromatic plane wave with a linearly polarized
electric field E0 along the x-axis.
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(D), height (H), and periodicity (P). The structure is isotropic in
the x- and y-directions and illuminated by a linearly polarized
monochromatic plane wave with the amplitude of the electric
field E0.

2.2. Height Selection

The initial step in metasurface fabrication involves a silicon layer
deposition on top of a sapphire substrate. The thickness of the
silicon layer, in other words, the height of the nanoparticles, is
sufficiently constrained by operational wavelength, in our inves-
tigation by λ1 ¼ 1064 nm and λ2 ¼ 1550 nm.

In order to define the height, we refer to previous theoretical
and experimental investigations of silicon nanocylinder configu-
ration, which demonstrated that the height-to-diameter aspect
ratio influences the arrangement of magnetic dipole (MD) and
electric dipole (ED) resonances with respect to each other.[47,63,64]

This results in the MD resonance being either at a longer or
shorter wavelength range. For the aspect ratios approximately
between 0.4 and 0.5, the dipole resonances spectrally overlap,
resulting in the resonant suppression of the backscattered light,
a phenomenon known as the Kerker effect.[64] In order to circum-
vent the zone of suppressed reflectivity and to create a metasur-
face mirror effect at a dipole resonance, preliminary estimations
of nanocylinder size must be conducted.

First, we select and fix the third-dimensional parameter,
namely, periodicity. The metasurface mirror operates at the
subwavelength range, defined by the nondiffraction zone of
the substrate. This is attributed to the substrate’s higher refrac-
tive index compared to that of the superstrate, which, in our
study, is air. The refractive indices of sapphire at the considered
wavelengths are nAl2O3

ðλ1Þ ¼ 1.755 and nAl2O3
ðλ2Þ ¼ 1.746.

Therefore, the border of the diffraction zone can be derived as
λid ¼ λi=nAl2O3

ðλiÞ, where i ¼ 1, 2.[65] This separation distance
between the grating elements, in our case nanoparticles, evalu-
ates the maximum periodicity for which diffraction is still absent
at the operating wavelength λ1 or λ2. For the practical realization,
the selection of periodicity is motivated by several factors. On the

one hand, a larger periodicity enhances fabrication quality and
permits a bigger variation range of cylindrical diameter. On
the other hand, the periodicity must be smaller than the value
at which diffraction zone begins in order to ensure that only
the zeroth diffraction order contributes to reflection without
energy leakage to other diffraction orders. As an example, let
us consider the periodicities of metasurfaces that are 3%
smaller than the border of the diffraction zone. These values
are PiðλiÞ ¼ 97% ⋅ λid, where P1 ≈ 586 nm and P2ðλ2Þ ≈ 860 nm,
accordingly.

After selecting the period of the metasurface, we proceed to
determine the dimensional parameters of the building blocks
(cylindrical particles). The reflection plots with varying nanopar-
ticle height and diameter at fixed wavelengths and periodicities
are presented in Figure 2a,b. Note that we have chosen the
maximum diameter value to be less than the corresponding
periodicity. The used refractive indices of crystalline silicon
for these simulations are sourced from the literature:[66,67]

nSiðλ1Þ ¼ 3.55 and nSiðλ2Þ ¼ 3.48. The total reflection, indicated
by the red color, occurs either on the MD or ED resonant
responses. The contribution of dipole moments to the reflection
coefficient is identified by examining the electric field distribu-
tion within the nanoparticle positioned on the sapphire substrate
and calculating its multipole moments.[68,69] At the point where
two resonances come into close proximity, the reflection decays
due to the Kerker effect. This corresponds to the area around the
aspect ratio 0.4 ≤ H=D ≤ 0.5, marked by the white dashed lines.
The undesirable height of nanocylinders for the wavelength of
1064 nm is H ∈ ð170; 190Þ nm, for 1550 nm is H ∈ ð245; 280Þ
nm. The alteration of periodicity results in a slight adjustment
for these values (see details in Supporting Information).

Using the results in Figure 2, four heights (H) are specified for
fabrication: 70, 130, 210, and 300 nm. It is important to note that
a height of 70 nm is selected only for the structures to be
resonant at 1064 nm wavelength according to Figure 2a. For this
height and the wavelength of 1550 nm (Figure 2b), the diameter
tuning fails to achieve high reflectivity. Note again that the
smaller periodicity values only lead to a slight shift of the red
reflective zone in Figure 2b toward larger cylindrical heights.

Figure 2. Reflectivity of metasurfaces on a sapphire substrate depending on the diameter and height of the nanocylinder at fixed wavelength (in vacuum)
and periodicity. The white dashed lines indicate regions of low reflectivity, characterized by ð0.4 ≤ H=D ≤ 0.5Þ. Multipole moments are determined by
analyzing the calculated field distribution inside the metasurface nanocylinders located on the substrate.[44] a) The calculations are conducted at a wave-
length of λ1 ¼ 1064 nm with a periodicity of P1 ¼ 586 nm. Undesirable nanocylinder heights are restricted to the range of H ∈ ½170; 190� nm. b) At a
wavelength of λ2 ¼ 1550 nm and corresponding periodicity of P2 ¼ 860 nm, the prohibited nanocylinder heights fall within H ∈ ½245; 280� nm.
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The procedure described above allows us to select the heights
of the cylinders and thereby determine the thickness of the sili-
con films that must be applied to the sapphire substrates during
the fabrication of metasurfaces. The practical deposition of sili-
con is achieved through the low-pressure chemical vapor depo-
sition (LPCVD) technique, which allows for the formation of
poly-Si layers with a controlled height based on the deposition
time. The LPCVD technique was preferred over commercial
SOS samples due to its greater flexibility in selecting silicon
thickness and sapphire crystal orientation. The sapphire
substrates are sourced from commercially available products
(https://www.siegertwafer.de/Saphir-Wafer.html) and have a
thickness of 650 μm and C-plane (0001) orientation.

2.3. Size Adjustment

As a next step, the values of diameter and periodicity are carefully
chosen for the fabricated poly-Si layers. The deposited poly-Si
exhibits a deviation from crystalline Si in the refractive index that
was used for the simulations in Figure 2. Additionally, the thick-
ness of the fabricated poly-Si layers diverges from the intended
values, attributed to the constraints in the manufacturing pro-
cess. Ellipsometry serves as a valuable method for characterizing
the silicon layer properties. The intended heights and measured
thickness of the experimental Si layers, along with the measured
refractive indices for the desired wavelengths, are provided in
Table 1.

Operating with the actual refractive index and nanocylinder
height (the layer thickness), the dimensional parameters of
diameter and periodicity can be numerically selected among a
wide range of possible solutions to ensure total reflection.

As an example, the results of numerical analysis for the fabri-
cated poly-Si layer of 211 nm thickness at the wavelengths of
1064 and 1550 nm are presented in Figure 3, where the reflec-
tivity as a function of the particle diameter and metasurface peri-
odicity at fixed wavelength and particle height is shown. Several
factors are taken into account when selecting the appropriate par-
ticle diameter and metasurface periodicity. 1) In the fabrication
process, the range of variation in diameter is greater than that of
periodicity. Therefore, the solution in the broadest high-
reflectivity region for diameter (indicated by the white square)
is the most favorable. 2) Additionally, to ensure goodmetasurface
quality for the first fabrication process, the distance between
nanoparticles exceeds 100 nm. Given this condition, for a highly
reflective mirror at 1064 nm, parameters are chosen with a slight
preference for larger periodicity (see the cross sign in Figure 3a).
The parameter sets for both wavelengths are denoted by white
crosses in Figure 3.

The graphs like in Figure 3 for other thicknesses are presented
in the Figure S2, Supporting Information. Using numerical sim-
ulation and the above factors, metasurface parameters are deter-
mined for all poly-Si layers. The result is presented in Table 2.

2.4. Metasurface Resonant Behavior

Predicting the system’s behavior is an essential step before its
experimental realization and characterization process. The
numerical analysis of metasurfaces with parameters from
Table 2 is presented in Figure 4. Each panel provides information
about reflection and ED and MD resonances of the correspond-
ing metasurfaces. The blue lines correspond to metasurfaces
with the tuned maximum reflectivity at 1064 nm wavelength,
while the magenta lines correspond to metasurfaces with maxi-
mum reflectivity at 1550 nm. Vertical dashed lines of the corre-
sponding colors mark the Rayleigh anomalies separating the
diffraction and diffractionless zones for specific metasurfaces.

Table 1. The height (thickness) of poly-Si layers and their refractive indices
measured by ellipsometer.

Intended height [nm] Actual height [nm] n@1064 [nm] n@1550 [nm]

70 72 4.17

130 132 4.00 3.86

210 211 4.05 3.92

300 297 4.04 3.91

Figure 3. Diameter (D) and periodicity (P) variations in the reflectivity images for 211 nm cylinder height in order to define the optimal parameters for the
metasurface fabrication. The white squares highlight the broadest regions of high reflectivity across varying diameters. The white crosses indicate the
solutions (D and P) chosen for the fabrication. a) The analysis is conducted at the wavelength of λ1 ¼ 1064 nm, with the refractive index of poly-silicon
cylinders nSiðλ1Þ ¼ 4.05 and the substrate’s refractive index nAl2O3

ðλ1Þ ¼ 1.755. b) The structure at the wavelength of λ2 ¼ 1550 nm, with the refractive
indices of cylinders and substrate being nSiðλ2Þ ¼ 3.92 and nAl2O3

ðλ2Þ ¼ 1.746, respectively.
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The dashed and dashed-dot red and green lines at the bottom of
the reflection curves represent the absolute values of the ED jpxj
and MD jmyj moments, respectively, calculated for nanocylinders
in the array placed on a sapphire substrate. These values are nor-
malized to twice the maximum value of the resonant dipole
moment for eachmetasurface, helping to understand and elucidate
the relation between the dipole resonances and the reflection res-
onances. It is important to note that the information about dipole
moments in the diffraction zone is not presented in these figures.

Figure 4a contains information only about the structure reso-
nant at 1064 nmwavelength due to the impossibility of designing
a metasurface with a cylindrical height of 72 nm resonant at
1550 nm (Figure 2b). The resonant peak of reflection in this
figure corresponds to the ED resonance and reaches 100%
reflectivity at the desired wavelength. The vertical blue line
around 1028 nm indicates the start of the diffraction zone
extending into the spectral range of shorter wavelengths. The
remaining figures can be described in an analogous manner,
with the exception that both metasurfaces, resonant at 1064
and 1550 nm wavelengths, are presented on the same
spectrum. It is important that all resonant reflections are
directly related to the dipole resonances of the particles in
the corresponding metasurface.

Comparing the quality factor of the reflective peaks for the
metasurfaces with various dimensional parameters, it is appar-
ent that the nanostructures with the highest nanocylinders of
297 nm display the broadest resonant responses. This broaden-
ing results from the resonant contributions of ED and MD
resonances, which are closely spectrally positioned. Therefore,
these structures are more likely to exhibit high reflection despite
potential fabrication inaccuracies.

Table 2. Diameter (D) and periodicity (P) parameters for fabrication
process. The gray color indicates the parameters of H=D ≤ 0.4; the
teal color corresponds to H=D ≥ 0.5.

Dimensional parameters of nanoparticles in nm

1064 nm (I) 1550 nm (II)

H= 72 nm D ¼ 423, P ¼ 586 –

H= 132 nm D ¼ 370, P ¼ 586 D ¼ 623, P ¼ 860

H= 211 nm D ¼ 297, P ¼ 416 D ¼ 660, P ¼ 850

H= 297 nm D ¼ 259, P ¼ 396 D ¼ 472, P ¼ 668

Figure 4. Reflectivity (left axis) and dipole decomposition (right axis) of the metasurfaces at infrared wavelengths. The blue andmagenta lines correspond
to the metasurfaces with reflectivity resonance at the wavelengths of 1064 (I) and 1550 nm (II), respectively. The red and green lines indicate the absolute
values of ED (jpx j) and MD (jmyj) moments normalized to the twice of maximum: the dashed lines for reflection resonance at λ ¼ 1064 nm; the dashed-
dot lines for reflection resonance at λ ¼ 1550 nm. The dimensional parameters of the metasurfaces at the wavelengths of 1064 and 1550 nm:
a) D ¼ 423 nm, P ¼ 586 nm; b) D ¼ 370 nm, P ¼ 586 nm; D ¼ 623 nm, P ¼ 860 nm; c) D ¼ 297 nm, P ¼ 416 nm; D ¼ 660 nm, P ¼ 850 nm; and
d) D ¼ 259 nm, P ¼ 396 nm; D ¼ 472 nm, P ¼ 668 nm.
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3. Fabrication and Experimental Characterization
of Metasurfaces

3.1. Fabrication

The fabrication of 100� 100 μm2 metasurface from a silicon
layer on sapphire is conducted using a combination of the dry
etching and lift-off techniques. The sequential steps of this
method are presented in Figure 5.

The sapphire wafers, previously coated with poly-Si layers, are
cut into smaller samples of the size 1.5� 1.5 cm2. A 150 nm
thick layer of positive e-beam resist (AR-P 6200.09–CSAR 62)
is spin-coated on top of these samples. Additionally, a conductive

aluminum layer of 20 nm thickness is deposited using a thermal
evaporator. This layer is applied to mitigate charging effects dur-
ing the EBL process. The structures are exposed by an electron
beam with a spot size of 7.5 nm and dose of 325 μC cm�2. Then,
the aluminum layer is removed in diluted phosphoric acid and
the resist is developed for 2min in AR600-546. The remaining
resist features a layer with holes whose diameter corresponds to
the diameter of the future cylinders.

The next step is the creation of a hard mask to etch the poly-Si
layer. For this, a 25 nm layer of Al is deposited using e-beam
evaporation. This Al layer has to be thick enough to resist during
the poly-Si etch but thin enough such that there is no merging of
the Al deposited on top of the resist with the one in the gaps.

Figure 5. The fabrication steps in the lift-off lithographic technique.

Figure 6. SEM images of fabricated nanocylinder metasurfaces with H ¼ 297 nm and the following parameters: a) D ≈ 259 nm, P ≈ 396 nm and
b) D ≈ 472 nm, P ≈ 668 nm. Scalebars: 1 μm. c) The experimental setup for reflection characterization.
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Figure 7. Reflectivity of fabricated metasurfaces compared to their theoretical predictions. The reflectivity experimentally measured for the
metasurfaces designed with mirror effect at 1064 nm wavelength is represented by the blue lines in a,b,d,f ); for metasurfaces with mirror effect
at 1550 nm wavelength the experimental reflectivity is presented by magenta lines in c,e,g). The thickness of the lines characterizes the uncontrollable
small variation of the signal during the measurements. The black dash-dotted lines correspond to the theoretical simulations (Sim). The dashed
vertical lines show the spectral positions of the wavelengths, demonstrating the alignment between the experimental and theoretical reflection
resonances.
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We then lifted off the Al layer by removing the resist in 1165
remover. This way, the obtained hard mask is where the future
cylinders will be. The final steps include the reactive ion etching
of poly-silicon using C4F8 and SF6 gases and the removal of the
aluminum mask with phosphoric acid.

The additional details of the fabrication process are presented
in Supporting Information.

3.2. Characterization Setup

Scanning electron microscope (SEM) images of the fabricated
structures are shown in Figure 6a,b. The shape of the cylinders
and their arrangement agree well with the design. However,
small residuals of the aluminum mask after its removal process
were found on top of the cylinders. The particularity is observed
specifically in the case of the sapphire substrate. Addressing this
issue will be important for future improvements in the metasur-
face fabrication process.

The metasurface reflectivity was characterized using the
experimental setup depicted in Figure 6c. A supercontinuum
laser (SuperK EXTREME from NKT Photonics) was used as a
light source, where the visible part of the spectrum was filtered
out by a long-pass filter. The reflection spectra were measured by
Ocean Insight NIRQuest þ 1.7 spectrometer with InGaAs linear
array. A reference path with a mirror on a flip mount was used to
minimize the influence of the spectral instability of the light
source. Finally, all spectra were normalized to the reflection from
a commercial mirror (protected silver mirror PF10-03-P01 from
Thorlabs with reflectivity of 97% at 1064 nm, 98% at 1550 nm),
placed instead of the sample. Further details of the characteriza-
tion setup can be found in Supporting Information.

3.3. Experimental Results

The measured reflectivities of all metasurfaces together with
their numerical simulation are presented in Figure 7. By
comparing the experimental and theoretical reflection peaks,
the very good agreement in the resonant behavior at the selected
wavelengths of 1064 and 1550 nm is clearly visible.

The shape of the peaks and their quality factors match the sim-
ulations. Nevertheless, an intriguing distinction between theory
and fabrication results is observed in Figure 7d,f for metasurfa-
ces resonant at the 1064 nm wavelength. From numerical
simulations, the resonant peaks are expected to be broad due
to the close proximity of ED and MD resonant responses.
However, in the experiment, the resonance at the MD moment
appears more pronounced than at the ED moment. It may be
associated with small residuals of the aluminum mask, resulting
in stronger suppression of the ED resonance, which is more
sensitive to the external environment, compared to the MD
resonance.

It is observed that outside of the resonance conditions, the
measured reflectivity spectra exceed the values predicted by
simulations. This deviation can primarily be attributed to extra
reflection originating from the reverse side of the samples (sap-
phire–air interface and from the additional glass slide used as a
sample holder). Considering the refractive indices of sapphire
and glass, this additional reflection contributes ≈15% of

reflectivity outside of the resonance. However, at resonant
frequencies, the influence of this additional reflection is almost neg-
ligible since practically all light is reflected by the metasurface side.

Overall, the reflectivity of most experimental metasurfaces
shows high values at designed wavelengths, which is a good
result for the first fabrication realization. Notably, some samples
demonstrated near-unity reflectance at 1064 nm wavelength
(Figure 7a,d). The best reflectivity at 1550 nm wavelength was
found to be above 95% (Figure 7c,g). The first fabrication attempt
validates the methodology used to realize metasurfaces for the
specified application and shows quite good agreement with
the theory. A slight reduction of the observed reflectivity can
be attributed to the diffusive scattering caused by uncontrollable
fabrication imperfections and challenges related to the measure-
ment experimental setup. Future fabrication and characteriza-
tion processes have to be adapted and improved to achieve a
better mirror effect approaching 100%. As our research shows,
there are no fundamental barriers to achieving this goal.

4. Conclusion

This article demonstrates a strategy and details of the fabrication
process of metasurface mirrors operating at 1064 and 1550 nm
wavelengths. It systematically outlines the selection of parame-
ters based on operational wavelengths, material types, and the
cylindrical configuration of the metasurface nanoparticles.
Additionally, the article shows an estimation analysis of the
expected behavior of these metasurfaces and offers a detailed
description of the step-by-step fabrication process with the
encountered challenges. As the final step, the characterization
process is detailed along with the obtained results, which closely
align with the theoretical expectations. The reflectivity of all
structures exceeds 80% and, for some, reaches above 95%.
Discrepancies between theoretical predictions and experimental
results are primarily associated with the particular fabrication
and characterization nuances, which can be refined in future
work. Nevertheless, the findings from this research will undoubt-
edly support the substantial improvement of the sample realiza-
tion process, bringing us closer to achieving total reflectivity.

The current investigation lays a foundation for future
improvement and production of the metasurfaces for the imple-
mentation as an alternative or compatible mirror design in GW
technology.
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S1 Parameters

S1.1 Height selection

The reflectivity zone between the height-diameter aspect ratios of 0.4 ≤ H/D ≤ 0.5 does not pre-
cisely correspond to the Kerker effect zone for small periodicities. The interparticle interaction manifests
more strongly, resulting in the aspect ratio H/D being slightly shifted to the higher values (Fig. S1).

Figure S1: Reflectivity of a metasurface on a sapphire substrate as a function of nanocylinder diameter and height. The
simulation is made for a periodicity of P = 800 nm, the refractive indices of silicon and sapphire are nSi(1550) = 3.48,
nAl2O3(1550) = 1.746, respectively. The white dashed lines indicate the height-diameter aspect ratios H/D equal to 0.4
and 0.5.

S1.2 Size adjustment

The numerical analysis of reflectivity for metasurfaces with different cylinder heights (72 nm, 132
nm, and 297 nm) is detailed in Fig. S2. This investigation aims to identify optimal parameter pairs (di-
ameter D and periodicity P ) for cylinders at these fixed heights, with incident wavelengths of 1064 and

1



S1.2 Size adjustment

1550 nm. The chosen fabrication parameters are indicated by white crosses. The refractive index of sili-
con used in the simulations is taken from the ellipsometry measurements.

(a)

(b) (c)

(d) (e)

Figure S2: Reflectivity of metasurfaces with cylinder heights of 72 nm, 132 nm, and 297 nm calculated as a function of di-
ameter D and periodicity P for 1064 and 1550 nm wavelengths. The white cross in the frame indicates the chosen solution
for the fabrication process.
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S2 Fabrication

S2.1 Metasurface design for electron-beam exposure

The lithographic fabrication method has several nuances related to the efficiency of exposing the
necessary amount of the photoresist.

The dose factor, which is dependent on the selection of the photoresist material and its thickness, is
proportional to the intensity of the electron beam and the exposure time. The dose factor impacts the
quality of the structure after development. Producing several structures with different dose factors can
help to optimize and reach the necessary resolution. Moreover, the diameter of the cylinders varies after
the fabrication process, increasing in size to 15 − 20 nm. This variation is also dependent on the applied
dose factor and can lead to the displacement of the resonant peaks.

Considering these aspects, several metasurfaces were fabricated with electron-beam doses varied at
325 µC/cm2, 357, 5 µC/cm2, 390 µC/cm2. For each dose, several designs are selected with cylindrical di-
ameters decreased to 12, 16, 20 and 24 nm.

S2.2 Etching of poly-Si from the back side of the sapphire wafer

The low pressure chemical vapor deposition (LPCVD) process creates a layer of poly-Si on both sides
of the sapphire wafer. The removal of one side of poly-Si must be implemented as an additional small
step. During the etching process, we used Galden HT Low-boiling oil to ensure the thermal contact be-
tween the chip and the carrier. Subsequently, the sample undergoes the reactive ion etching, with the
side to be removed positioned at the top. As a final step, the sample is cleaned from the resist using IPA
and ”1165” remover.

S3 Characterization

S3.1 Experimental setup and methodology of measurements

The metasurface reflectivity was characterized using the experimental setup depicted in Fig. S3 .
The transmission and reflection spectra were measured by Ocean Insight NIRQuest +1.7 spectrometer
with InGaAs linear array. As a light source SuperK EXTREME supercontinuum laser from NKT Pho-
tonics (ranging from 400 to 2400 nm) was used, where the visible part of the spectrum was filtered out
by long-pass filter. For the sample illumination a 50:50 beam splitting cube was placed between the ob-
jective and the sample. The incident beam was loosely focused to a spot of 200 µm in size to decrease
unwanted background signal. Additionally, a spatial filtering with a 500 µm pinhole in the image plane
is used to collect the reflection only from the metasurface area. The beam that passes the beamsplitter
directly, without the sample, is used as an intermediate reference spectrum to reduce the influence of the
spectral instability of the light source during the measurements. The reflected signal from the metasur-
face is collected with an objective (20x, NA of 0.6). After passing through achromatic lenses and a spa-
tial pinhole filter, the reflected light is collected into a multimode fiber and guided to the spectrometer.
The measured signal was normalized to the reference mirror with high effective reflection around 97% at
1064 nm and 98% at 1550 nm (protected silver mirror PF10-03-P01 from Thorlabs).
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S3.1 Experimental setup and methodology of measurements

Figure S3: The experimental setup for reflection characterization.
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5.6 Summary

The research described in this cumulative thesis contributes to the investigation of metasurface
optical properties, with a focus on the principles of reflection. It is aimed at a potential
implementation in future GWDs; the results are documented in four publications.

The scientific work begins with the study of reflectivity at 1064 nmwavelength for a metasurface
consisting of Si nanospheres embedded in a homogeneous polymer layer. The theoretical
analysis and numerical simulations demonstrate the potential of this metasurface to exhibit
100% reflectivity in the absence of losses. As the work progresses, the design of a metasurface
on a sapphire substrate with a protective layer for Si spheres is considered, and the impacts of
these additional multi-layer structures are taken into account. Advancing further, we consider
a cylindrical nanoparticle array resonant at 1550 nm wavelength. Modifying the cylindrical
height-to-radius aspect ratio provides control over the spectral position of the ED and MD
resonant responses, thereby influencing their contributions to reflectivity. This, in turn, allows
for the phase control of the reflected light field in the range of π to −π. Particular attention is
given to the exploration of unconventional resonant states, such as the anapole and Kerker
effects. The final stage includes the practical realisation of a poly-Si metasurface on a sapphire
substrate, with experimental measurements confirming theoretical predictions. The reflectivity
of realised structures reaches more than 95%, validating the correctness of the logical approach
in design selection, optimisation and fabrication processes. The results highlight the potential
of metasurfaces as efficient reflective mirrors at targeted wavelengths.

This research follows a logical evolution, starting from theoretical and numerical investig-
ations of the simplest high-reflective metasurface design and concluding with the realised
prototype of a wavelength-selective metamirror. The deep understanding of the principles of
high reflectivity for different types of metasurfaces and the methodologies of optimisation,
fabrication and characterisation possibilities, provide valuable insights for future research and
the implementation of metamirrors in optical experiments.





Chapter 6

Outlook and Conclusion

6.1 Further perspectives

The study accomplished and presented in this thesis provides a foundation for future research on
metasurfaces. Potential improvements could address small-scale projects, such as amore detailed
investigation of design performance or optimisation of the fabrication and characterisation
processes for silicon-on-sapphire metamirrors. Furthermore, the innovation and insight gained
may extend beyond this work and explore metasurfaces composed of alternative materials or
adapt them to new applications, including polarization and phase control. In order to organise
this wide range of possibilities, the outlook is divided into three sections:

• Optimisation of metasurface mirror effect

• Noise analysis and implementation for gravitational wave detection

• Advanced applications

6.1.1 Optimisation of metasurface mirror effect

The metasurface mirror made of silicon-on-sapphire can be further investigated and improved.
Future research could be directed towards enhancing reflectivity, ensuring reproducibility and
stability of the fabrication results, and exploring alternative metasurface configurations that
may offer refined performance.

Significant advancements can still be achieved in optimising fabrication technology. Although
the first prototype of the metamirror demonstrates reflectivity greater than 95%, the results are
not consistent across all fabricated structures, with some displaying higher levels of impurities.
This inconsistency may be attributed to several factors.

One of these factors is the selection of material for the charge relaxation layer and fabrication
mask, which, in this instance, was aluminium. Removing the aluminium from the structures
presented certain challenges. The process took significantly longer than expected, requiring
several hours rather than several minutes, and, in some cases, caused damage to the resist layer
or led to detachment of silicon cylinders. This effect was particularly evident in structures
with the thinnest poly-Si layers (72 nm and 132 nm), suggesting a potential reaction between
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the aluminium and the sapphire substrate 20. Optimisation may involve using poly-Si films
thicker than 200 nm and experimentally determining the time required to remove aluminium
layers of different thickness. However, this approach might not be universally applicable. A
more favourable solution could be to use an alternative charge relaxation layer, such as charge
dissipation polymer[114], and another mask material, such as chromium (Cr) [115, 116] or silica
(SiO2) [117].

An alternative option is to entirely avoid using the extra mask. This can be achieved either by
using a negative resist or by depositing the same positive resist while exposing only the outer
area of the cylinders. The development process then removes the outer regions, leaving behind
resist-defined cylinders, which are subsequently used for etching. In this case, an aluminium
mask becomes unnecessary.

Another critical factor in fabrication is the spacing between cylinders. A larger distance
simplifies the cleaning process, improving resolution and structural purity.

To reduce absorption and surface scattering loss 21, the material for the nanocylinders should
ideally be c-Si instead of poly-Si. The poly-Si material for nanoparticles was initially chosen
on the basis of practical considerations, namely the accessibility of depositing poly-Si layers
of any height on a sapphire substrate with the specified crystal orientation. Commercially
available c-Si on sapphire has a limited variety of thicknesses and is deposited on sapphire with
a crystal orientation that doesn’t exhibit piezoelectric properties. Nevertheless, disregarding
piezoelectric effects, the crystal layer of silicon can be etched to reach the desired thickness.
This potential improvement can reduce overall losses and increase reflectivity.

In relation to characterisation possibilities, losses associated with absorption and surface
scattering 22 can be calculated by measuring transmissivity of the metasurfaces 23. For this
purpose, the characterisation setup must be modified. The advancements could also involve
placing the test structures in a vacuum to minimize dust accumulation or optimising the
structure holder.

Further theoretical and numerical analysis of reflective metasurfaces with consequent realisation
can focus on phase control of the reflected light field. The analytical discussion in the third
published paper demonstrates that by using cylindrical particles in the metasurface design,
it is possible to achieve different phases of the reflected light field, varying from π to −π.
The marginal cases, which differ by a phase shift of π, correspond to metasurfaces exhibiting
magnetic and electric mirror effects. A more extensive insight into phase control will broaden
the functional capabilities of metasurfaces.

Another potential research direction could involve studying reflectivity realised by higher-order
multipole moments. The numerical simulations of Figure 6.1 of the third published paper
demonstrate high reflectivity achieved not only by excitation of ED and MD moments, but also

20 It should be noted that sapphire is an aluminium oxide.
21 The used term ’surface scattering loss’ refers to classical scattering, where light is reflected at an angle due to

surface roughness.
22 In this context, it is assumed that the losses introduced by the optical components of the measuring setup can be

neglected.
23 The transmissivity graphs were measured in the initial experimental demonstration. However, the results were

obtained under different conditions, making them incompatible with the reflectivity graphs. Therefore, they
were not included in the main results.
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by EQ and a combination of ED and MQ moments. Optimising the design for these multipole
moments may lead to alternative particle configurations and dimensional parameters.

Figure 6.1.: Reflectivity of cylindrical metasurfaces with varying aspect ratios H/R at telecom
wavelengths. The black box highlights cases where reflectivity is realised due to the
excitation of higher-order multipole moments.

The provided examples have the substantial potential to enhance the reflectivity and enable
greater functional control of silicon metasurfaces on a sapphire substrate.

6.1.2 Noise analysis and implementation for gravitational wave detection

For this thesis, the broad scope of metasurface implementation was mostly focused on an
application for next-generation GW detection. The material choice for the metasurfaces and
the light field parameters are selected in the investigation based on the requirements for the ET
project. The research of this PhD work provides a broad accumulation of knowledge, leading to
the design and realisation of the first metasurface prototype. However, lots of aspects remain
unaddressed. This includes the piezoelectricity of the sapphire C-plane (0001), the effects of
cryogenic temperature, the reconsideration of alternative materials, and the investigation of
mechanical and optical noise sources in metasurfaces.

The initial idea for choosing the C-plane of the sapphire substrate is the potential ability of this
surface to exhibit piezoelectric properties comparable to bulk piezoelectrics [55]. The poly-Si
metasurfaces are fabricated on sapphire with this exact crystal orientation. The subsequent
logical step would be to construct a setup that affords the opportunity to apply a voltage to the
sapphire surface and observe any changes in reflectivity. The moderation of reflectivity can be
potentially used in the SRM of the detector or other techniques requiring real-time reflectivity
modulation.

Cryogenic temperature is considered solely for selecting metasurface materials. However, the
refractive index of silicon exhibits a slight temperature dependence, changing from 3.45 at 10 K
to 3.47 at 250 K for a wavelength of 1550 nm [118]. Consequently, recalculation and optimisation
of the structural parameters are necessary if the metasurface is characterised or operates at
cryogenic temperature.
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Alternative materials have to be further considered. The ongoing discussions are progressively
leaning towards the installation of silicon substrates in cryogenic temperature interferometers.
This introduces the challenge of producing a silicon metasurface directly on a silicon substrate.
Due to the identical refractive indices, it is essential to insulate the nanoparticles with an
additional layer of low-refractive-index material, such as silica (SiO2) [119, 120]. An alternative
approach would be to fabricate the nanoparticles from a different high-refractive-index material,
such as silicon nitride (SiN) [121].

The metasurface structure may also be applied to other optical components of the GWD,
including the ITMs or SRM, where the reflectivity requirements are less stringent than for the
ETMs. This reduces certain constraints on the perfection and fabrication precision requirements.
Moreover, the metasurface structure could be integrated as the top layer on a "Bragg mirror",
effectively filtering out most of the light intensity and thereby reducing thermal noise generated
in the subsequent layers.

Noise characterisation plays a critical role in evaluating metasurfaces. It is incredibly important
to have this characterisation for the fabricated structures, as simulations cannot account for all
noise sources. The noise characterisation may include calculations of mechanical noise or side
scattering at the border of the metasurface area. An interesting aspect to explore is the degree
of noise introduced when dust particles are located on the lateral sides of nanocylinders rather
than on their top surfaces.

6.1.3 Advanced applications

Metasurfaces have potential applications beyond GW physics. The developed technology can
be extended to other optical studies, such as precision metrology in table-top experiments,
or may also be relevant for innovations in solar or laser-driven systems. The properties of
metasurfaces can be adapted to achieve polarization dependency or lensing effects. Their thin,
flat structure enables the creation of planar optical components suitable for use on oscillating
devices. Furthermore, metasurfaces can be designed to exhibit second or third-harmonic
generation or retro-reflectivity. The capabilities of metasurfaces continue to expand, making
them increasingly valuable for future innovations.
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6.2 Conclusion

The PhD thesis covers a range of significant aspects of the investigation: theoretical analysis,
modelling and numerical simulations, experimental methodology of metasurface production,
fabrication technology and testing. These steps enable a versatile approach to the study
of metasurfaces, evolve a deep understanding of their functional capabilities and create
opportunities for their integration and future implementation in optical experiments. The
results demonstrate the feasibility of designing and realising a structure with a single layer of
nanoparticles that, by selecting proper dimensional parameters, could exhibit high reflectivity
at the selected wavelength. This design can differ in nanoparticle shape and size, from spheres
to cylinders, which can be embedded in a polymer layer, placed on a substrate, or additionally
have a protective layer for nanoparticles. The research shows how an understanding of the
principles of metasurface reflectivity can lead to different designs depending on the motivation
requirements. The reflectivity effect is only a fraction in a pool of metasurface possibilities, but
it holds valuable promise to be implemented, expanded or transferred to other fields of optics
and photonics.
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