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Introduction

Two-dimensional arrays of subwavelength nanostructures, so-called metasurfaces, have emerged as the new

generation of optical elements [1]. A careful material selection and alteration of nanostructures size, shape,

density, and distribution pattern may result in marvelous ultra-thin optical components, which can alter

phase, polarization, and amplitude of light [1]. High-index materials, such as silicon (Si), have been estab-

lished as an alternative to plasmonic materials in the field of nanophotonics [2–5]. In contrast to plasmonics,

high-index nanostructures provide a reasonable solution towards lossless optical systems while maintaining

precise control of their spectral features [6–13]. In particular, low-loss and high-index dielectrics pave a

direct path to efficient photonic devices for imaging [14–21], sensing [22, 23], light emission [24], light

harvesting [25, 26], light directing, guiding and switching [27], and many other applications. Mie-resonant

dielectric nanostructures, so-called Mie resonators, support electric and magnetic resonances [28], which

enable a wavelength-dependent optical response tailored for a specific functionality via control of their

shape and size [8], as well as period, if the nanostructures are assembled into a metasurface [7]. The

physical phenomena governing the light–nanostructure interaction is the focus of this thesis.

The potential of metasurfaces is undeniable, yet there are still many obstacles to face before their ac-

tual real-life applications. To some extent, metasurfaces are competing with conventional optical elements,

which are well-defined and are easy to manufacture, such as plastic optics [29]. Thus, for the industry to

raise an eyebrow, one has to define some significant advantages of using metasurfaces. This work highlights

several such advantages, which include but are not limited to the spatial variation of metasurface elements,

and their multifunctionality. Extensive numerical and experimental tools are used for physics implementa-

tion into the novel and application-oriented designs. Several applications, like color imaging, biomedical

imaging, and spectropolarimetry, are discussed. Furthermore, the reader of this work will be introduced to

novel nanofabrication and postprocessing techniques, which are supposed to bring the metasurfaces closer

to the industrial-scale fabrication. Many times great scientific ideas remain within the realm of scientific

laboratories; thus, the thesis is dedicated to developing the metasurfaces a small step closer to real-life

applications.

Scattering and absorption of light dictate how an object is perceived [30]. Mie theory describes the

absorption and scattering of plane electromagnetic waves by a spherical nanoparticle in a uniform isotropic

dielectric medium [28], but the Mie resonator term has been since transferred to other shapes as well. The

first part of this thesis, Chapter 1, brings attention to Mie-resonant nanostructures and their wavelength-

dependent spectral properties, emphasizing the spectral selectivity in the visible spectral range. Recently,

there has been a great interest in generating the so-called structural colors using Mie-resonant dielectric

nanostructures [30, 31]. The concept of structural colors is common in nature, e.g., blue Morpho butterfly
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wings are not pigmented, but are seen in bluish color because the incident light is spectrally dispersed

by the nanostructured pattern on the wings [32, 33]. This principle was quickly adapted in man-made

structures using plasmonic nanoparticles [34–42]. However, the free-electron oscillations in metals are

accompanied by a significant optical loss, which led to the investigation of high refractive index dielectric

materials, such as Si, titanium dioxide (TiO2), and gallium phosphide (GaP), and others [43]. Dielectric

materials have low intrinsic losses; thus, they can be used to obtain structural colors with high luminosity,

making such nanostructures suitable for applications like color printing [44–53]. Accordingly, they have

been successfully used to create a full palette of colors in reflection [44–46]. Thus, a similar spectral

discrimination is anticipated in transmission – the nanostructures may exhibit the same functionality as

transmissive color filters. The first demonstrations of nanostructure-based transmissive color filters were

done using Si nanowires [16–18]. Later, structural filters were shown using Si nanodisks [19], and Si

nanoholes [20].

As digital imaging is continuously developing, steady improvement is observed in the spatial resolu-

tion of color imaging devices [54–61]. This technological outburst is mainly driven by daily-use hand-held

devices, such as mobile phones and compact optical cameras, but the high resolution also serves a role

in industrial and environmental imaging [62]. For many applications, high resolution is desirable, conse-

quently requiring small spectral filters. The use of complementary metal–oxide–semiconductor (CMOS)

image sensors with pigmented and dye-based color filters allows pixels as small as 1 µm [54–56]. However,

the further decrease in pixel size is not a straightforward process. Conventional filters require new materials

and complicated multi-step fabrication [63]. In addition to that, they rely on absorption, which requires rel-

atively high thickness [63]. Moreover, as the filters are arranged side-by-side, limitations such as crosstalk

come into play [64]. An alternative is the use of the aforementioned optically resonant nanostructure-based

systems, producing the structural colors due to their usually strong dispersion. By varying the dielectric

nanostructure geometry, the positions of the electric dipole (ED) and magnetic dipole (MD) resonances can

be tuned throughout the visible spectral range and beyond [6–13]. Such an approach has been successfully

used in producing a variety of transmissive filters, including the realization of color filter arrays in red, green,

and blue (RGB) [20], cyan, magenta, and yellow (CMY) [19], and multispectral patterns [14, 17, 18, 65].

Chapter 1 employs Si metasurfaces to demonstrate a full palette of colors in transmission. The metasurfaces

are optimized for RGB pattern, resulting in state-of-the-art 0.5 µm RGB filters.

Regardless of the spatial resolution, techniques such as multispectral imaging and spectropolarimetry

provide substantially more information on the imaged scene or the object of interest than the conventional

tricolor imaging [66–69]. Information on the polarization state of the collected light enables a better under-

standing of surface topography and scattering. Accordingly, it is widely used for detection and biomedical

applications [67], while high-resolution spectral information provides details on material composition for

the assessment of food quality, artwork authentication, and many other applications [68, 69]. The large

size and functionality limitation of conventional optical components motivate the search for alternatives,

and nanostructure-based systems seem to fit the need. Thus far, nanostructures have been successfully

applied in compact polarimeters [70–74], spectral filters and spectrometers [75–79], and even spectropo-

larimeters [80–83]. However, there are still several obstacles to overcome, e.g., it is crucial to obtain a

high spectral resolution for the maximum gain of the spectral information. Even though the previously
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introduced Mie resonances can be used and extended to other than the visible spectral range, an alternative

system with a high-quality factor – Fabry–Pérot (FP) resonator – is extensively explored in Chapter 2.

The standard way to tailor the FP resonances is changing the physical thickness of the resonator [84–86].

The thickness variation allows tuning the resonant wavelength across a wide spectral range without a sig-

nificant spectral response degradation. Such an approach has been applied in RGB filters [84], while main-

taining a few times smaller thickness compared to the conventional dye-based color filters [63]. However,

the step-profile FP resonators within a single chip require a complex fabrication with multiple etching

steps [85]. Thus, a novel approach came into existence, which suggests that one may change the effective

optical thickness by simply changing the effective index of the medium [87]. Such a concept was first shown

for multispectral filters in the visible spectral range [88] and later extended to the near-infrared [89]. It has

been demonstrated that FP resonators can be tailored by inclusions of plasmonic nanostructures [79,90] and

high-index dielectric nanostructures [70, 76, 87–89, 91, 92].

Slowly but steadily, multispectral imaging is finding its place in the field of biomedicine [93], e.g., for

monitoring oxygen in our blood. Low oxygen levels in blood may indicate heart conditions such as heart

defects, lung conditions such as asthma, emphysema, or bronchitis, sleep apnea, inflammation, and scarring

of the lung tissue [94]. Accordingly, it is essential to monitor the level of oxygen transported by blood

throughout our bodies. In order to build a compact optical system for remote sensing, nanostructure-based

FP filters are analyzed in Chapter 2. Furthermore, using similar but polarization-sensitive nanostructures

embedded in the FP cavity, one may create a spectropolarimetric system, which is the topic of the second

part of Chapter 2. One of the main applications of spectropolarimetry is Earth observation [67], where

the properties of aerosols, e.g., their size, shape, and refractive index, can be remotely identified using

the polarization and spectral information. In general, astronomical instruments on board of satellites have

stringent constraints in terms of mass and volume. As the number of nano- and cube-satellites is rapidly

increasing [95], any innovative solution that enables compact instruments is highly desirable. Accordingly,

there is an increasing demand for optical components to be miniaturized. However, despite many efforts,

current spectropolarimetric systems in space still consist of multiple thick optical elements and result in

cumbersome payloads [96, 97]. Thus, both medicine and space applications are the perfect application

fields for nanostructure-based systems.

Even though nanostructure-based optical systems open new horizons in optics and can replace con-

ventional optical components, they often remain inferior to their conventional counterparts not just be-

cause of the performance but also because of the size-limited and complex fabrication [98]. Thus, for

the nanostructure-based systems to be applied in mass-production devices, it is necessary to create new

nanofabrication techniques or significantly improve the existing ones, which is the goal of the final part of

this thesis, Chapter 3.

A variety of metasurface-based applications led to a necessity of an efficient large-scale fabrication

technique. However, up to now, there has been no large-area and low-cost fabrication of Mie-resonant

metasurfaces. Si is a well-known and CMOS-compatible material, but Si metasurfaces are usually fabri-

cated by complex lithographic techniques, such as electron-beam lithography (EBL) followed by reactive

ion etching [99] or focused ion beam (FIB) lithography [100]. Despite the precision offered, these tech-

niques are limited to a small scale due to low-throughput and high cost. Other pattern transfer techniques
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like interference lithography [101, 102], mask aligner lithography [103], nanosphere lithography [104], or

nanoimprint [105] offer a greater flexibility in scaling-up but require multiple lengthy steps. In contrast,

chemical synthesis [106] can be a relatively fast and large-scale technique but cannot ensure the periodic

distribution of nanoparticles, similar to laser ablation in liquids [107], grinding and milling [108], or spon-

taneous dewetting [109–111]. An alternative approach was introduced using pulsed laser radiation, which

by means of point-by-point material transfer [112–114], or direct writing [115, 116] enables the formation

of ordered metasurfaces. In the steps of developing such ideas further, this work proposes several other

laser-based techniques, which contribute towards a realization of metasurface-based devices.

An intriguing way to obtain non-uniform metasurfaces is using laser-induced thermal effects [117],

where a lithographically preprocessed uniform metasurface is modified by laser irradiation. The absorption

of the irradiation results in heating of the nanostructures. After sufficient energy is deposited, this leads to a

crystallization of the material [118–123], which is followed by a drop in the refractive index. Furthermore,

the increase of laser energy initiates the reshaping of the nanostructures, which is governed by surface dif-

fusion of the molten material to minimize its surface energy [118, 119]. As the optical resonances are size-

and shape-dependent [7, 8], this enables a vivid control of the optical response. Laser-induced reshaping

was experimentally demonstrated in plasmonic [37, 124–130], dielectric [52, 131], and hybrid nanostruc-

tures [132–134]. In particular, resonant dielectric metasurfaces possess a strong electromagnetic field inside

the volume of its elements [8]. Depending on the resonant mode and material absorption, this provides a

specific field distribution and a corresponding absorption profile, which may be used for spatial selectivity of

thermal effects. However, up to now, this has been barely addressed. Higher-order resonances were chosen

for the melting of Si nanostructures using a continuous-wave (CW) laser [131], and the resonant behavior

was used for resonant laser printing of germanium (Ge) metasurfaces with nanosecond laser pulses [52].

However, such tailoring was spatially limited as thermal diffusion length is proportional to the pulse dura-

tion [135]. Therefore, Chapter 3 demonstrates how the ultrashort laser pulses are used to confine the heat

and access the full potential of the spatial-selectivity.

Spatially-selective tailoring builds new grounds in applications such as spectral filtering, but requires a

preprocessed template and is limited by the repetition rate of pulsed lasers. To overcome this limitation,

the final part of the thesis, Chapter 3, proposes a high-throughput and cost-effective technique for the direct

fabrication of Mie-resonant metasurfaces – direct laser interference patterning. Direct patterning using high-

peak-power laser interference has been previously shown as a suitable tool for large-area microstructuring

of metals [136–145], organic materials [146–148], and even Si [149–156]. It does not require resist, etching,

or any other postprocessing steps. Thus it is relatively fast and simple. Although direct laser interference

patterning has been used to achieve submicrometer resolution, as shown in the case of a bulk Si [152, 156],

the technique has never been exploited to obtain high-index metasurfaces. In Chapter 3, it is experimentally

demonstrated that Si-based Mie-resonant metasurfaces can be fabricated in a single step by single-pulse

laser interference.

As noted, this thesis consists of several scientific tasks, which conclude in the following results and

statements. Chapter 1 confirms that the scattering of dielectric metasurfaces can be optimized for color

selectivity. More importantly, it is shown that the optimized metasurfaces are both numerically and ex-

perimentally built into an RGB or any other color pattern and downscaled to a submicrometer pixel size,
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potentially providing previously unattainable resolution for digital color imaging. Chapter 2 indicates that

FP resonators remain one of the most promising spectrally-selective systems as inclusion of high-index

dielectric nanostructures in the cavity provides an additional degree of freedom in their tunability. The in-

clusions change the effective optical thickness and the subsequent resonant wavelengths. Furthermore, the

inclusion of polarization-sensitive nanostructures opens new grounds for multifunctional optical systems.

Nanostructure-based systems for blood sensing and spectropolarimetry are designed, fabricated, and spec-

trally analyzed. Chapter 3 proves that laser irradiation can be successfully applied for both modification

and structuring of dielectric metasurfaces. The laser pulses are used to post-process large-area metasurfaces

by changing their crystallinity and spatial properties, which results in spatial and spectral tunability. Last

but not least, the direct laser interference patterning is experimentally demonstrated as a lithography-free

technique for patterning of Mie-resonant metasurfaces. Such a technique results in thousands of dielectric

nanostructures by a single laser pulse. The obtained metasurfaces are optically, spectrally, and topographi-

cally analyzed, as well as compared to numerical results.

Naturally, the majority of the work presented in this thesis was done by the author, Jonas Berzinš,

under the supervision by Dr. Frank Setzpfandt and Prof. Dr. Thomas Pertsch from Friedrich Schiller

University Jena (FSU Jena), and Dr. Stefan Bäumer from Netherlands Organisation for Applied Scientific

Research (TNO). However, here, it is also an excellent opportunity to highlight the key contributions from

other colleagues. To start with, the experimental results of Mie resonators in Chapter 1 were obtained

using Si samples nanostructured by Stefan Fasold from FSU Jena, who also did the rest of the EBL in this

work. The first part of Chapter 2, Section 2.2, was initiated by a number of fruitful discussions with Jan

Sperrhake from FSU Jena, and Markus Walther, Carsten Stock, and Dr. Thomas Siefke from FSU Jena, who

integrated the FP filters on a CMOS camera. Similarly, the idea of Section 2.3 was built in a collaborative

effort with L. Pjotr Stoevelaar, Dr. Fabrizio Silvestri, and, especially, Prof. Dr. Giampiero Gerini from

TNO and Eindhoven University of Technology, who supervised that particular project. Specifically, L. Pjotr

Stoevelaar made a substantial contribution by building the mathematical grounds for the spectropolarimetric

system and carried out the analysis on the condition number. Last but not least, Chapter 3 would not be the

same without a substantial contribution by Dr. Simonas Indrišiūnas and Dr. Paulius Gečys from Center for

Physical Sciences and Technology, who have provided the laser equipment and assisted in the experiments.

All of this work was done within the NOLOSS project, H2020 Marie Skłodowska-Curie Actions (675745).

In summary, this work presents two different approaches for spectrally-selective nanostructure-based

systems with their specific advantages and disadvantages; see Chapter 1 for spectrally-selective Mie-resonant

metasurfaces, and Chapter 2 for nanostructure-modulated FP resonators. Furthermore, to bridge the gap

between fundamental science and industry, novel fabrication techniques – laser-induced tailoring and struc-

turing of metasurfaces – are presented; see Chapter 3. All things considered, this work is not intended

to revolutionize optics. Still, it is written with a bit of hope to put a small step in the development of

nanophotonics and its applicability in real-world applications.



Chapter 1

Spectrally-selective Mie-resonant metasurfaces

This chapter discusses Mie-resonant dielectric nanostructures and their unique wavelength-dependent spec-

tral properties. Mie theory and numerical tools are used to investigate the light–nanostructure interaction.

The basics of color science are introduced to highlight applications in the visible spectral range, particularly,

color imaging.

The spatial resolution is one of the most important parameters in digital color imaging. For many appli-

cations, a high spatial resolution is desirable, consequently requiring small spectral filters. In this chapter,

the nanostructure-based filters are developed and assembled in a Bayer pattern and the lateral size of each

color filter is spatially downscaled to obtain submicrometer spectral filters. Scattering properties are varied

and localized by simply changing the lateral geometry of the nanostructures. As the scattering of a single

nanostructure is already spectrally-selective [157], a high density of different spectral functions is expected,

especially as an increased number of dots-per-inch (DPI) has been demonstrated in color printing [46].

This chapter will answer whether Mie resonances can be applied for a high spatial resolution in color

filter arrays. In particular, the chapter presents metasurfaces based on Si nanodisks. They provide spectral

functions with the transmission of 70–90% and bandwidth in the range of hundred nanometers – well

suitable for RGB or CMY color filter arrays. Computational methods such as finite element method (FEM)

and finite-difference time-domain (FDTD) are used to tune the ED and MD resonances for subsequent

optimization of the metasurfaces. Different strategies are considered for improving color gamut and color

quality.

The main results presented in this chapter are published in Proc. SPIE [S2] and ACS Photonics [S4].

These results inspired several other publications though not all are reflected in the thesis. Another publica-

tion [S12] is in preparation at the moment of writing this work.

1.1 General properties

1.1.1 Mie scattering

Scattering and absorption of light dictate how an object is perceived [30]. Mie theory describes the absorp-

tion and scattering of plane electromagnetic waves by a homogeneous and isotropic spherical nanoparticle,

placed in a uniform isotropic dielectric medium. Originally proposed by Gustav Mie in 1908 [28], it has
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been one of the most widely used theories in the field of optics. The optical resonances of non-spherical

nanoparticles are also often labeled as Mie-type resonances, even though the shape restricts the direct ap-

plicability of the theory. Here, the very basics of Mie theory will be introduced, providing a glimpse into

analytical and numerical approaches and different Mie-type resonances apparent in dielectric nanostruc-

tures. For a full mathematical basis, refer to [158].

1.1.1.1 Mie theory

The aim of Mie theory is to describe the optical response of the nanostructure by the Mie efficiency factors

of absorption &abs, scattering &scat and extinction &ext, which follow the relation:

&ext =&scat +&abs. (1.1)

Analytically, the extinction efficiency &ext and the scattering efficiency &scat for a sphere of arbitrary radius

A and refractive index = are expressed as follows [158, 159]:

&scat =
2

G2

∞∑
==1

(2=+1)
(
|0= |2 + |1= |2

)
, (1.2)

&ext =
2

G2

∞∑
==1

(2=+1)Re (0= + 1=) , (1.3)

while the absorption efficiency &abs can be calculated using the relation from Equation 1.1. Note that

G = 2cA/_ is a size parameter, while 0= and 1= are expansion coefficients, expressed in terms of Bessel

functions:

0= =
<2 9= (<G) [G 9= (G)]′− 9= (<G) [<G 9= (<G)]′

<2 9= (<G) [Gℎ(1)= (G)]′− ℎ(1)= (<G) [<G 9= (<G)]′
, (1.4)

1= =
9= (<G) [G 9= (G)]′− 9= (<G) [<G 9= (<G)]′

9= (<G) [Gℎ(1)= (G)]′− ℎ(1)= (<G) [<G 9= (<G)]′
. (1.5)

Here, 9= (G) and ℎ(1)= are the spherical Bessel functions, and < is the relative refractive index < = =/=0, with

= being the refractive index of the nanosphere, and =0 – the refractive index of the surrounding medium.

In Equations 1.4–1.5, permeabilities of the nanostructure and the medium are considered equal, thus are

not factored in [158]. Plasmonic resonances correspond to the enhancement of the electric Mie coefficients

0=, while dielectrics enhance both 0= and 1= coefficients [160]. Unfortunately, the analytical solution for

non-spherical nanostructures is a great challenge to this day. Thus, numerical tools are used in this work,

as discussed next.
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1.1.1.2 Numerical approach

The numerical analysis of scattering by an arbitrary-shape nanostructure may start from the assumption that

the total electromagnetic field is expressed as a composition of the incident and scattered fields:

E = Einc +Escat, (1.6)

H = Hinc +Hscat, (1.7)

where the electric and magnetic fields E and H are calculated by some of the widely accessible numerical

methods such as FEM or FDTD.

Then, the integration of the directional energy flux, the Poynting vector Sscat, results in the total power

scattered by the structure %scat [161]. A common practice is to integrate over an imaginary sphere, which is

small enough so the source is outside of it, but big enough to accommodate the nanostructure itself. Thus,

the scattered power %scat is calculated as follows [162]:

%scat =

∯
Sscat ·nd( =

1

2

∯
Re[Escat ×H∗

scat] ·nd( (1.8)

where n is the unit vector normal to the imaginary sphere.

By using the calculated scattering power %scat, its cross section fscat is calculated by normalizing the

scattered power %scat to the incident energy flux %inc:

fscat = 2

√
`0

Y0Yhost

%scat

|Einc |2
, (1.9)

where Einc is the incident electric field. Then, the scattering efficiency &scat is obtained by normalizing the

scattering cross-section fscat to the geometric cross-section fgeom:

&scat =
fscat

fgeom
. (1.10)

Similarly, the power absorbed by the nanostructure is calculated and, accounting the losses of material, the

absorption efficiency &abs is obtained. The extinction efficiency &ext is calculated as the sum of both, see

Equation 1.1.

The following example presents the Mie efficiency factors of a Si-based nanosphere with a diameter of

� = 150 nm in vacuum/air. The Si nanosphere is illuminated by a broadband plane-wave source in order to

calculate its scattering &scat, absorption &abs, and extinction &ext efficiencies. As shown in Figure 1.1(a),

the scattering and absorption of such a particle are highly wavelength-dependent. Such optical response is

caused by electric and magnetic Mie-type resonances, as explained in Section 1.1.1.3. Si is widely known

as a semiconductor, but it is classified as a dielectric in the field of nanophotonics, and this work. More so,

it is a high-refractive index material in the visible and near-infrared spectral ranges (see Appendix A for

the wavelength-dependent refractive index). Note from the relation of refractive index and Mie scattering

coefficient, Equation 1.4, that having a high-index is the key for Mie resonances. The more significant is
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the refractive index relative to the medium the nanostructure is embedded in – the stronger the confinement

of the electromagnetic fields – the stronger the resonances [10].

It should be noted that the scattering efficiency &scat tells only half of the story – it represents the far-

field response but not the near-field origins. Essentially it is a superposition of different resonant modes.

Thus, the other half of the story is told by the analysis of the resonant modes, a technique known as mode

decomposition; see Section 1.1.1.4. This is particularly important for dielectrics, where not only electric

but also magnetic resonances are apparent [8, 13]; see Section 1.1.1.3 for a detailed discussion.
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Figure 1.1: Comparison of Mie efficiency of Si and Au nanospheres with a diameter of � = 150 nm. (a) Scattering,
absorption, and extinction of Si nanosphere. (b) Scattering, absorption, and extinction of Au nanosphere. (c, d)
Electric (top) and magnetic (bottom) fields at x-y cross-section of Si nanosphere; at resonances, indicated in (a). (e)
Electric (top) and magnetic (bottom) fields at x-y cross-section of Au nanosphere; at the resonance, shown in (b).
Black arrows in (c-e) depict the polarization of the incident electromagnetic wave.

1.1.1.3 Dielectrics versus plasmonics

Next, the previously introduced scattering and absorption of the spherical Si-based dielectric nanostructure

is compared to a plasmonic nanostructure. In particular, gold (Au) is selected as a widely known plasmonic



10 Chapter 1. Spectrally-selective Mie-resonant metasurfaces

material. Using both, Si and Au, single nanospheres are constructed and their scattering &scat, absorption

&abs, and extinction &ext efficiencies are simulated numerically. In both cases, the calculation is done using

a single nanosphere with a diameter of � = 150 nm.

The Mie efficiency, shown in Figure 1.1(a,b), indicates not only the fact that dielectrics have lower

losses, if any, as noted by a significantly lower absorption efficiency &abs, but also some other intriguing

advantages. First, following the discussion from the previous section (see Section 1.1.1.2) dielectric nanos-

tructures have multiple peaks/dips in their spectra due to additional magnetic resonances. The electric and

magnetic resonances can be tailored independently of each other, which gives more degrees of freedom in

control of the optical response. Second, as can be seen in Figure 1.1(a), the resonances in dielectrics are

relatively narrow; thus, they enable higher spectral selectivity compared to plasmonics. The electric and

magnetic field at the resonances of Si and Au nanospheres are indicated in Figure 1.1(c-e).
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Figure 1.2: Transmittance, reflectance, and absorptance of nanosphere arrays – metasurfaces. (a) Crystalline Si
metasurface with nanospheres in a rectangular lattice with a period of % = 300 nm. (b) Au metasurface, period
% = 300 nm. Metasurfaces are embedded in air/vacuum. Insets illustrate the infinite arrays of the nanospheres. Grey
areas indicate approximate spectral positions of the resonances.

If one builds a two-dimensional array of such nanospheres – a metasurface – it is then described by

transmittance, reflectance, and absorbtance. High transmittance of a metasurface relates to a forward scat-

tering or a lack of scattering. In contrast, the reflectance is related to the backward scattering. At the same

time, the absorbtance is based on intrinsic losses – basically, all of the light that does not come out of the

metasurface. To obtain a metasurface, the nanospheres with � = 150 nm are distributed in a rectangular

array with period % = 300 nm; see the spectra of Si and Au metasurfaces in Figure 1.2(a) and Figure 1.2(b),

respectively. Similar to previous findings, dielectric nanostructures have lower losses; thus, also higher

transmittance outside of the resonances. The resonances in plasmonics are quite broad and due to losses

the transmission does not go to zero. Accordingly, the spectral selectivity, equivalent to the bandwidth of

the spectral peaks/dips, is quite broad. For many applications, including the spectral filters discussed in this

work, the spectral selectivity is essential. Thus, the dielectric nanostructures have the upper hand and will

be used from now on in this work.
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1.1.1.4 Mode decomposition

In order to understand the fundamentals of Mie resonances, the scattering of a particle is decomposed

into the contributing modes. The scattering efficiency of various modes can be computed from the current

density [163]. Here, the contributions of electric and magnetic dipoles, electric and magnetic quadrupoles,

as well as toroidal components, are considered. However, octupoles and other higher-order modes are not

included due to their negligible impact, according to [164].

The polarization induced current density J(A) of a nanoparticle in a host medium is related to the electric

field E(A) by the following expression:

J(A) = 8l(Yparticle − Yhost)E(A). (1.11)

Using it, the electric dipolar moments ? and magnetic dipolar moments < of the nanoparticle can be ex-

pressed as:

? 9 =
8

l

∫
E

� 9 dE, (1.12)

< 9 =
1

2

∫
E

(r×J) 9 dE. (1.13)

The toroidal dipole moments can be split into toroidal electric dipole ) (4) , along with a second-order cor-

rection term ) (24) , and toroidal magnetic dipole ) (<):

)
(4)
9

=
1

10

∫
E

[(J · r)A 9 −2A2� 9 ] dE, (1.14)

)
(24)
9

=
1

280

∫
E

[3A4� 9 −2A2(r ·J)A 9 ] dE, (1.15)

)
(<)
9

=
8l

20

∫
E

A2(r×J) 9 dE. (1.16)

The electric quadrupoles & (4) and magnetic quadrupoles & (<) are symmetrized traceless tensors, expressed

as:
¯̄&
(4)
9 : =

8

l

∫
E

[A 9 �: + A:� 9 −
2

3
X 9 : (r ·J)] dE, (1.17)

¯̄&
(<)
9 : =

1

3

∫
E

[(r×J) 9A: + (r×J):A 9 ] dE. (1.18)

The toroidal electric quadrupoles ¯̄)
(&4)

and toroidal magnetic quadrupoles ¯̄)
(&<)

are also symmetrized

and expressed as:

¯̄)
(&4)
9 : =

1

42

∫
E

[4(r ·J)A 9A: +2(J · r)A2X 9 : −5A2(A 9 �: + A:� 9 )] dE, (1.19)
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¯̄)
(&<)
9 : =

8l

42

∫
E

A2 [A 9 (r×J): + (r×J) 9A: ] dE, (1.20)

where 9 , : represents the coordinates {1,2,3} for the coordinates {G, H, I}, X 9 : is the Kronecker delta, r is

the position vector, given by r = AG Ĝ + AH Ĥ + AI Î, and A2 is the modulus square of the position vector, given

by A2 = A2
G + A2

H + A2
I .

The scattered power can be decomposed into various multipoles. As the scattered power by toroidal

magnetic dipoles ) (<) , toroidal electric quadrupoles ¯̄)
(&4)

, and toroidal magnetic quadrupoles ¯̄)
(&<)

is

small, they are included as a correction factors in magnetic dipolar moments <, electric quadrupoles ¯̄&
(4)

,

and magnetic quadrupole ¯̄&
(<)

, respectively. Octupoles and other higher order modes are ignored. The

following equations are used for scattering decomposition:

%
(4)
scat =

:4√Yhost

12cY2
0
2`0

3∑
9=1

|? |29 , (1.21)

%
()4)
scat =

:4√Yhost

12cY2
0
2`0

3∑
9=1

| 8:Yhost

2
)
(4)
9

+
8:3Y2

host

2
)
(24)
9

|2, (1.22)

%
(<)
scat =

:4
√
Y3

host

12cY02

3∑
9=1

|< 9 +
8:Yhost

2
)
(<)
9

|2, (1.23)

%
(&4)
scat =

:6
√
Y3

host

160cY2
0
2`0

3∑
:=1

3∑
9=1

| ¯̄&
(4)
9 : +

8:Yhost

2
¯̄)
(&4)
9 : |2, (1.24)

%
(&<)
scat =

:6
√
Y5

host

160cY02

3∑
:=1

3∑
9=1

| ¯̄&
(<)
9 : + 8:Yhost

2
¯̄)
(&<)
9 : |2. (1.25)

As example, the metasurface constituted of Si nanospheres is analyzed next. The scattering contribu-

tions of ED, MD, as well as electric quadrupole (EQ), and magnetic quadrupole (MQ), in the case of a Si

nanosphere with diameter � = 150 nm in an array with period % = 300 nm, are shown in Figure 1.3(a). As

indicated, the peak at _ = 485 nm corresponds to the ED resonance, while the peak at _ = 595 nm relates

to the MD resonance. The contributions of EQ and MQ resonances are smaller by more than an order of

magnitude. The contribution of MQ is positioned at _ = 475 nm, while no significant contribution of EQ

is visible in the spectral range of interest. The mode decomposition is done using an array of Si instead

of a single nanosphere; thus, the scattering spectral positions are slightly different from the scattering of a

single nanosphere, shown in Figure 1.1(a). Moreover, the scattering efficiency is slightly enhanced. Both

effects are induced by the coupling of neighboring nanospheres. The coupling can be noted by the fields of

a single nanosphere extending beyond the spatial size of a unit cell; see Figure 1.1(c-e). Based on the mode

decomposition, the electric and magnetic fields at horizontal cross-sections of the Si nanosphere, shown

in Figure 1.1(c), can now be related to the ED resonance, similarly, Figure 1.1(d) – MD resonance. The

spectral positions of the fundamental ED and MD resonances perfectly coincide with the spectral dips in



Chapter 1. Spectrally-selective Mie-resonant metasurfaces 13

the transmittance of the Si metasurface, shown in Figure 1.2.
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Figure 1.3: Resonant modes of Si nanospheres in an array. The total scattering is shown by the black solid line. It
is decomposed into ED (blue solid line), MD (red solid line), EQ (green dotted line), and MQ (purple dotted line)
resonances. The logarithmic scale is used to enhance the visibility of lower-order resonances. The diameter of the
nanospheres is � = 150 nm; the array period is % = 300 nm.

The metasurfaces or single nanostructures may be engineered to have strong EQ or MQ resonances in

the spectral range of interest [165]. Similarly, one can utilize even higher-order resonances [166]. However,

this chapter will focus on the fundamental ED and MD resonances due to their robustness, easy access, and

control. Next, the reader will be introduced to the basics of color science and will steadily answer how the

Mie resonances, shown here, can be applied in color imaging.

1.1.2 Color science

Conventional color imaging is based on human color perception. The mechanism relies on three color

channels, e.g., RGB, as realized in the Bayer sensor [167]. A color is essentially a particular spectral

function in the visible spectral range. To identify the filter function which fits the targeted color, one must

define a color reference and a figure of merit. There are several ways to optimize RGB filter functions,

such as optimization towards particular wavelength ranges [35], optimization in comparison to reference

filters [20], or the CIE color-matching functions [53]. A new approach is used for all experiments and

simulations in this chapter. Thus, it will be shortly introduced in the following section.

1.1.2.1 Chromaticity and color spaces

The spectral composition of visible light can be characterized by the color matching functions (x(_), (y(_),
and (z(_), from the CIE standard colorimetric system [168–170]. A typical yet randomly selected spectral

function ) (_) and corresponding color is given in Figure 1.4(a). The color matching functions are shown

in Figure 1.4(b). Each of the color matching functions are independent from each other and are used to
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transform the spectral function ) (_) to tristimulus values - , . , and / by the following equations:

- =

∫
) (_) ×%D65(_) × (x(_) d_, (1.26)

. =

∫
) (_) ×%D65(_) × (y(_) d_, (1.27)

/ =

∫
) (_) ×%D65(_) × (z(_) d_. (1.28)

In this work, the spectral function ) (_) is usually the transmittance of the designed metasurface. It is

multiplied by the normalized spectral day-light distribution %D65(_), assuming the standard illumination

conditions; see spectral distribution in Figure 1.4(b). Such calculation provides the tristimulus values - , . ,

and / , allowing us to numerically identify the color from any measured or simulated spectra and accurately

reproduce it, as discussed next.
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Figure 1.4: Example of typical spectra and spectral functions used in color science. (a) Typical randomly selecred
spectral function (transmittance) and its corresponding color, shown in the inset. (b) Normalized color matching
functions (x(_), (y(_), and (z(_), and spectral power distribution of day-light %D65(_).

Since the perceived color depends only upon the relative magnitudes, the tristimulus values - , . , and /

are normalized to obtain so-called chromaticity coordinates:

G =
-

- +. + / , H =
.

- +. + / . (1.29)

The chromaticity diagram is commonly used to evaluate the color gamut. The outer boundary of the gamut

represents the limits of human vision, but usually, one limits himself to a certain color space used by the

detector. The sRGB color system is taken in this instance, as it is one of the most popular RGB color spaces.

The assumption is that, if the color chromaticity is within the boundary, the color may be reproduced by that

device or represented by that color system. However, here it should be noted that the chromaticity diagram

is only two-dimensional and does not include the luminance. Because of this, using only the chromaticity

diagram to determine the color is an incomplete solution. Thus, color spaces are introduced.

The color spaces provide a complete description of the true color. The values in a certain color space
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are achieved by multiplying the tristimulus values by the matrix of the chosen color space, e.g., sRGB:


'

�

�

 sRGB

=

[
"

]
sRGB


-

.

/


=


3.2406255 −1.537208 −0.4986286

−0.9689307 1.8757561 0.0415175

0.0557101 −0.2040211 1.0569959



-

.

/


. (1.30)

In this work, the use of HSV color space is recommended as it includes not only RGB colors but also CMY.

The HSV color space can be obtained by transforming tristimulus values to RGB, and then by several

operations to the values of HSV (hue, saturation, and value). The particular operations will be described

next. First, the values of ', �, and � are normalized:

'′
=

'

255
, �′

=
�

255
, �′ =

�

255
. (1.31)

Then, one selects the largest and the smallest among them, <max and <min, respectively, as well as the

difference between the two Δ:

<max = max('′,�′, �′), (1.32)

<min = min('′,�′, �′), (1.33)

Δ = <max −<min. (1.34)

In HSV color space, hue represents the type of color, and is defined in terms of an angle with R color at

0◦, G color at 120◦, and B color at 240◦, etc. The hue of a color is described as follows:

� = 60×




undefined , if Δ = 0,

�−�
Δ

+0 , if <max = ',

�−'
Δ

+2 , if <max = �,

'−�
Δ

+4 , if <max = �,

(1.35)

where � = � +360, if � < 60. Then the saturation is calculated, which represents the vibrancy of the color:

( =




0 , if <max = 0,

Δ

<max
, if <max ≠ 0,

(1.36)

and then, finally, the value, which represents the brightness of the color – basically, the amplitude of the

signal. It is expressed as:

+ = <max, (1.37)

which will be further used to obtain the figure of merit used in this chapter – the color quality &ξ; see the

following section.
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1.1.2.2 Color quality

The figure of merit for optimizing the color filters takes into account the saturation and the value of the color

while emphasizing the hue, which is critical in color imaging. As mentioned before, color optimization al-

gorithms used up to now rely on the integration over a particular spectral range directly [35], comparison

to reference filters [20], or the CIE color-matching functions to obtain color coordinates [53]. These coor-

dinates can be transformed into the coordinates of a variety of color spaces, as discussed before. However,

they will always form a set of numbers that do not allow direct access to the information on whether the

optimization result resembles the target color. For example, the transformation of the spectrum from Fig-

ure 1.4 results in the tristimulus values - = 0.54, . = 0.32, and / = 0.76. The tristimulus values are used to

obtain RGB values '′ = 0.90, �′ = 0.10, and �′ = 0.77, if the sRGB model is used. However, even though

one can already guess the shade of the color, it is difficult to assign it to a specific color, red or magenta.

It may be convenient to use the CIE color difference methods, which utilize the distance between the

obtained and the target colors, calculated in three-dimensional CIELAB or CIELUV color spaces [171,172].

However, distances may vary significantly for different RGB and CMY primary colors used. In particular,

if one optimizes not a single but a set of filters at once, as it is here, a direct comparison of the filters is

required in the full set. Accordingly, a single value must be used as an optimization criterion. Such a figure

of merit was first proposed in [S2], and updated in [S4]. The figure of merit – the color quality &ξ – is

defined as:

&ξ =




0 , if Δ�ξ =
c
=

3
√
(1− =

c
×Δ�ξ) × (×+ , otherwise,

(1.38)

where primary colors are indexed by ξ ∈ (',�, �,�,",. ), Δ�ξ = |�ξ−� | is the hue difference from the

chosen target primary color (in radians), ( is the saturation, and+ is the value of the color obtained from the

transmittance or reflectance. These values used for calculation of color quality &ξ are graphically depicted

in HSV color space in Figure 1.5.
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Figure 1.5: HSV color space with indicated values for color quality &ξ calculation: hue difference Δ�ξ, value + , and
saturation (. In this case ξ = M, which stands for magenta. Other primary colors included in the optimization are: red
(R), yellow (Y), green (G), cyan (C), and blue (B). The figure is adapted from [S2].
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The color quality &ξ results in a positive value for only one color index ξ, assigning the generated color

to the closest primary color. The proposed figure of merit has a certain threshold to ensure that the color

is manifested in the structure. For example, in the R filter optimization, the color quality will be positive

&R > 0 only if the transmitted color is of a red shade. If the realized color is closer to any other color

– the color quality is equal to zero &R = 0. Continuing with the case from Figure 1.4, the RGB values

'′ = 0.90, �′ = 0.10, and �′ = 0.77 result in color quality &R = 0, same for all other RGB/CMY colors

except &M = 0.82. Thus, as it turns out, the spectral function, shown in Figure 1.4, provides a magenta

color. Accordingly, when &ξ is non-zero, its actual values can be used to optimize the experimentally or

numerically obtained spectrum towards the target primary color.

The rigorous optimization is especially important if the material used is not lossless in the visible spec-

tral range with transmittance over a wide range of spectra. For example, in RGB filters based on Si grat-

ings [20], the blue filter function has high transmittance in the blue spectral region but also exhibits very

high values in red. This may imply that the actual color is not blue, but most likely of a magenta shade. It

would be difficult to confirm such an assumption by just looking at the spectral function, simply integrating

over particular spectral ranges, or comparing the color spaces.

Finally, before moving further, it should be noted that the CIE chromaticity diagram is occasionally used

as evidence of high-quality colors. However, as mentioned, it is not entirely correct, as it does not factor in

the luminosity. Thus, even if it is a very pure color, it will not necessarily be bright enough due to the lack

of spectral power gathered by the image detector. On the contrary, the proposed figure of merit – the color

quality – considers the luminosity equally valued to the saturation of colors [S2, S4]; see Equation 1.38.

Note that in the color quality algorithm, the transmittance of the target color is the highest, while it is equally

low for the others, obtaining the best saturation, the best value, and the correct hue. Such a feature will be

specifically embraced in the following optimization of nanostructure-based color filters.

1.2 Nanostructure-based color filters

Mie-resonant dielectric nanostructures are used to build a spectrally-selective optical system for digital

imaging, an RGB color filter array. Experimental and numerical tools are used to explore the spatial and

angular limits of the nanostructured color filter arrays. Light scattering and coupling of the dielectric nanos-

tructures are rigorously optimized for the best overall performance, showcasing Mie-resonant systems as a

potential alternative to conventional color filters.

The target structure is schematically introduced in Figure 1.6(a). It consists of submicrometer RGB

filters constituted of all-dielectric nanostructures placed on top of a CMOS image sensor with a spacer in-

between. To realize different filter functions, the lateral geometry of nanostructures is varied. Amorphous

Si, one of the most commonly used high refractive index and CMOS compatible materials, is used. Even

though it is a lossy material in the visible spectral range, it is sufficient for conceptual demonstration. An

example of a realized uniform periodic array of nanostructures is presented in Figure 1.6(b). The inset

of Figure 1.6(b) schematically depicts a unit-cell of the polarization-insensitive disk-shape nanostructures,

indicating the main geometrical parameters: diameter �, height �, and period %.
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a b

Figure 1.6: Proposed submicrometer dielectric nanostructure-based filters. (a) Graphic illustration of the implemen-
tation of sub-micrometer dielectric nanostructure-based RGB filters on top of a CMOS image sensor. (b) SEM image
of amorphous Si nanostructures on top of a glass substrate. The inset shows the main geometrical parameters of the
filters: height �, diameter � of the nanodisks, and period %. The figure is adapted from [S4].

1.2.1 Concept

In analogy to Mie theory for spherical particles, the MD resonance occurs when the wavelength of incident

light is comparable to the optical size of the nanostructure [8, 13]. Even though a full analytical solution

is not available for non-spherical nanostructures, the spectral positions of the fundamental ED and MD

resonances can be estimated and optimized for a specific spectral selectivity.

The excitation of ED resonance requires a collective linear polarization induced by the electric field

of the incident light, while the excitation of the MD is driven by the electric field of light that couples to

displacement current loops [8]. This displacement current loop induces the MD moment, oriented perpen-

dicularly to the electric field polarization. It is known that the spectral position of Mie resonances scales

with the physical dimensions of nanostructures, as shown in Figure 1.7. Here, the diameter � is varied

from 50 nm to 200 nm while having the period % set to 250 nm and height � fixed at 175 nm. The spec-

tral representation of such parameter variation is given in Figure 1.7(a,b). The scaling of nanostructures is

mainly limited by their fabrication, e.g., the smallest manufacturable size and/or the smallest gap between

the nanostructures. Despite these limits, by optimizing an array of nanostructures, one may obtain various

spectral bands in the visible spectral range, and subsequent colors; see the spectral representation in the

chromaticity diagram in Figure 1.7(c,d).

1.2.2 Methods

1.2.2.1 Numerical methods

Numerical simulations were carried out using FDTD (Lumerical). The initial optimization of the dielectric

nanostructure-based filters was done using a 3D model of an infinite array of amorphous Si nanostructures

(see the refractive index in Appendix A), placed on top of a glass substrate, considering air as the covering

medium. The model implemented periodic boundary conditions (PBCs) on the sides and perfectly matched

layers (PMLs) on the top and the bottom of the simulation domain. The mesh accuracy was set to _/22.

Frequency domain field and power monitors recorded the electric and magnetic fields. The integration of
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Figure 1.7: Spectral tunability of metasurface by increase of nanostructure diameter. (a) Simulation. (b) Experiment.
(c,d) Simulation and experimental data in CIE 1931 chromaticity diagram. Height is fixed at � = 175 nm, period is
set to % = 250 nm. The figure is adapted from [S4].

the power density over the monitor area provides transmission and reflection as functions of wavelength.

For most simulations, the structure was excited by a normal-incidence plane wave source with a spectrum

covering the visible spectral range. Furthermore, oblique incidence simulations were carried out using a

broadband fixed angle source technique (BFAST) to ensure a constant angle for all of the wavelengths.

The color filter array simulations were done using the same PBC and PML boundaries, but extending the

simulation domain to a pixel array of 2×2 pixels [173]. The simulation considers a semi-infinite substrate.

For monitoring the incident power, separate monitors were put in a distance of 0.1 µm from the color pixels

illuminated by a normally-incident plane-wave source.

1.2.2.2 Fabrication method

The amorphous Si nanostructures were made from a commercial amorphous Si layer (Tafelmaier Dünnschicht-

Technik) with a thickness of 500 nm on top of a glass substrate. The Si layer was etched step-by-step to the

target height of 175 nm by argon (Ar) ion beam etching (Oxford Ionfab 300, Oxford Instruments). After

each etching step, the sample thickness was measured by an optical transmission setup and, subsequently,

compared to simulation data. Then, a 30 nm chromium (Cr) layer was deposited by ion beam deposition

(Oxford Ionfab 300, Oxford Instruments). After the spin-coating of 100 nm electron beam resist (EN038,

Tokyo Ohka Kogyo), the sample was exposed by a variable-shaped electron-beam lithography (EBL) sys-

tem (Vistec SB 350, Vistec Electron Beam). The resist was developed for 30 s at room temperature, and the

created mask was transferred in the Cr layer by ion beam etching (Oxford Ionfab 300, Oxford Instruments).

Finally, the Cr mask was transferred in the Si layer by inductively coupled plasma reactive ion etching
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(Sentech SI-500 C, Sentech Instruments). The reactive gas was tetrafluormethane (CF4). After etching, the

remaining resist and Cr mask were removed by acetone and a Cr etchant.

1.2.2.3 Characterization methods

The fabricated sample was analyzed visually by a white-light optical microscope (Axio Imager 2, Carl

Zeiss) with an installed 5-megapixel camera (AxioCam MRc 5, Carl Zeiss). The white-light adjusted

optical images were taken using a 100× magnification high numerical aperture NA = 0.9 objective (EC

Epiplan-Neofluar DIC M27, Carl Zeiss). The scanning electron microscope (SEM) images were taken us-

ing FIB/SEM dual-beam system (Helios NanoLab G3 UC, FEI). The spectral analysis was done with a

plane-wave illumination using an inverted optical microscope system (Axio Observer D1, Carl Zeiss) with

integrated broadband VIS/IR imaging spectrometer (iHR320, Horiba).

1.2.3 Design and numerical optimization

1.2.3.1 Shape and size dependence

Before describing the optimization of the design, it is important to select the shape of the metasurface ele-

ments. Some publications have noted that structures like extruded crosses have more degrees of freedom for

the tunability of Mie resonances than disks or crosses [53]. However, it is only partially true. Crosses have

more geometric parameters, but their flexibility is quite limited, simply because of the nature of dielectric

resonances. The dielectric resonances arise mainly from the volumetric effects rather than the particular

shapes or features. For example, as long as a disk or a cube has the same volume and a similar aspect ratio

as a cross, it is expected to have a similar optical response; see Figure 1.8, where the transmittance is com-

pared for disks/pillar, cubes/squares, and crosses, as a function of the area the particular shapes constitute in

the unit cell of the metasurface. From these plots, it is clear that regardless of the shape, the fundamental ED

and MD resonances maintain an almost identical relation to the surface area (or volume, as their height is

fixed at � = 175 nm). Of course, these assumptions are for symmetric nanostructures, while any asymmetry

would induce a polarization-sensitive response.
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Figure 1.8: Transmittance of metasurfaces with different-shape elements: (a) disks, (b) squares, (c) crosses, reflect-
ing rather similar optical response. The size is normalized to area. Approximate spectral position of ED and MD
resonances are indicated by dotted and dashed lines, respectively. Period is set to % = 300 nm, height to � = 175 nm

It is possible to describe any shape mathematically, yet it is not recommended to use complex-shape
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nanostructures because of the feature-size limits of EBL or other existing nanofabrication techniques. It is

well-documented that the whole metasurface science has started from radio waves, and only in the past few

decades was successfully downscaled to the optical spectral range. Such a trend directly relates to manu-

facturing capabilities. Even to this day, sharp sub-50 nm features remain a challenge for highly developed

EBL. Thus, if there is no significant drawback, it is worth using shapes and geometries that are as simple as

possible. Following such logic, this Chapter 1 utilizes the shape of a disk/pillar.

Furthermore, besides the shape of nanostructures, their arrangement can play a role in the optical re-

sponse. The small distance between the nanostructures may cause electromagnetic coupling, as shown in

the following sections. Ordered arrays possess array resonances [S3], but to some surprise, the disorder

may also provide unique control of dispersion [174]. In the mean-time, spectral selectivity can be enhanced

by nanostructure mixing [175] or stacking [176] of metasurfaces; for more details, refer to [S2].

1.2.3.2 Optimization algorithm

In the optimization of nanostructure-based filters with color quality &ξ as the figure of merit, the material

and the environment are known and kept constant. Accordingly, the Si metasurface has only three variables:

height � and diameter � of nanostructures, and lattice period %. Naturally, sophisticated evolutionary

and genetic algorithms may be used for efficient optimization [177], but for such a limited amount of

variables it is sufficient to vary the parameters and look for local minima or maxima. The variables can

be visually represented as a parameter cube; see Figure 1.9. When tuning these parameters, the optical

response is monitored. The transmission spectra are transformed into color and color quality, as described

in Section 1.1.2. In the algorithm shown below, one is looking for the maximum color quality of the

separate colors. However, specific requirements are also coming from the optical system, e.g., setting the

same height � for all structures. Then, the critical aspect is to obtain the best RGB colors, as shown in

Figure 1.9. One has to ensure that the quality of the worst filter would be as high as possible; thus, securing

the best performance for the full set of filters.

Height H

Diameter DPeriod P

Parameter cube

Spectra
(simulated or measured) RGB HSV

Color quality

Transformation into color

XYZ

QR

min(QR,QG,QB)QG

QB

Figure 1.9: Schematic representation of parameter selection (optimization) algorithm. From a parameter sweep to the
color quality via spectral information transformation into color. The figure is adapted from [S4].

During the optimization of the filter functions, specific requirements coming from the system engineer-

ing and nanostructure fabrication have to be met. As mentioned, a crucial factor in using nanostructured

arrays is the uniform height, which is required to utilize an efficient transverse patterning, i.e. use single-

step EBL instead of a cumbersome multi-step process. Accordingly, to determine the optimal height �
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for the simultaneous realization of all three primary RGB colors, transmission spectra are calculated for

homogeneous periodic arrays of nanostructures varying in height �, diameter �, and period %. During the

optimization also other conditions, e.g., the limited resolution of EBL [178], are taken into account.
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Figure 1.10: Selection of geometrical parameters. The highest RGB color quality values &ξ in the matrix of height
� and period %, after sweeping the diameter � of the nanostructure for (a) R, (b) G, and (c) B filters. (d) Highest
minimum &ξ values of RGB as the function of height � and period %. The selected height is � = 175 nm. The figure
is adapted from [S4].

The dependence on some of the metasurface parameters, particularly, height � and period %, is shown

in Figure 1.10. In each of the matrix values, the diameter � is varied from a minimum of 50 nm to 50 nm

less than the period. In Figure 1.10, variation of the color quality &ξ is shown. It can be noticed that the

optimal values of the R filter are almost constant; see Figure 1.10(a). In contrast, the color quality of G filter

changes at the boundaries of the selected range, and even higher fluctuations are noted in the case of B; see

Figure 1.10(b) and Figure 1.10(c), respectively. In this particular case, if the highest minimum value of color

quality is calculated, the plot has two peaks at � = 175 nm and � = 225 nm; see Figure 1.10(d). A smaller

deviation of color quality appears with the change of period % at the smaller height, � = 175 nm. Taking this

into consideration, then the period is selected. The values between % = 200 nm and % = 250 nm are relatively

similar. However, at the end, the period of % = 250 nm is selected due to the significance of G filter in the

Bayer pattern. It is a square pattern, which consists of R filter, B filter, and two G filters [167]. Accordingly,

from a technological perspective, obtaining a better G filter is of a higher importance than R and B filters.

Even though it is not essential to use the same periodicity setting for all filters, a significant change in

the color quality is not expected. In contrast, an equal periodicity over all filters reduces the degrees of

freedom in the fabrication. Next, the numerical results will be presented in detail with a comparison to the

experimental realization.
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1.2.4 Experimental realization

The experimental demonstration of nanostructure-based color filters was based on a commercially available

amorphous Si layer on top of a glass substrate; see Appendix A for dispersion parameters. The Si layer

was etched to the target height � = 175 nm and then nanostructured by EBL and reactive ion etching (see

Section 1.2.2 for more details on experimental methods).
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Figure 1.11: Visible spectral range nanostructure-based filters using amorphous Si nanostructures. (a) Measured
transmissive colors in dependence of period and diameter of the nanodisks with a height of 175 nm. (b) Simulated
colors, transformed from calculated spectra using CIE 1931 color matching functions and the sRGB primary color
basis. (c) Color quality&ξ calculated from the simulation data with the regions bigger than zero for R, G and B colors
highlighted and the optimal RGB colors circled. The figure is adapted from [S4].

Nanostructures were first realized in patches of 100×100 µm2, which is a sufficient size to neglect the

boundary effects and observe the true color realized by the semi-infinite nanostructure arrays. Figure 1.11(a)

shows a matrix of color patches obtained from the measured spectra and arranged by their geometrical

parameters. The colors obtained from the corresponding simulations are shown in Figure 1.11(b) and agree

well with the measurements. Hence, the simulated spectra are further used to calculate the color quality;

see Figure 1.11(c). Here, the regions for which &R, &G, and &B are larger than zero, are indicated by the

respectively colored boundaries.

The color quality ranges indicate the limitations and tolerances of such filters. As shown in Fig-

ure 1.11(c), the R filter seems to be relatively consistent, while the B filter diameter has a tolerance of

less than 5 nm. In contrast, the G filter seems to be more tolerant to the variation in diameter but is strongly

influenced by the change of period. The color quality dependence on the period can be related to the den-

sity change and the near-field coupling of the neighboring nanostructures. The saturation of the structural
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colors and the color quality tend to increase with the density of nanostructures; however, for a very small

spacing between the nanostructures, e.g., a gap smaller than 100 nm, the color quality &ξ drops. Such a

drop is directly related to the coupling between the neighboring nanostructures. As the spectral positions

of resonances depend on the size of the nanostructures [8, 13], tuning their lateral geometry allows to se-

lect particular non-transmissive wavelengths throughout the full spectral range of the visible light, enabling

the creation of the transmissive colors required for the RGB color filter arrays. The calculated and mea-

sured spectra of the optimal RGB filters, denoted by circles in Figure 1.11, are plotted in Figure 1.12(a).

Experiment and simulation have an excellent quantitative agreement. The small mismatches can be at-

tributed to the fabrication errors and the formation of a Si oxide outer-layer [47]. The mode decomposition

of the respective structures highlights the spectral positions of fundamental ED and MD resonance; see

Figure 1.12(b). They are distinguishable at the minima of transmission functions.
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Figure 1.12: Optimized RGB spectral functions based on amorphous Si nanostructures. (a) Measured (black line) and
simulated (colored line) transmission spectra of optimal nanostructures for red (left), green (middle), and blue (right)
color. The grey-shaded areas depict the central positions of the ED and MD resonances. The insets show the SEM
images of the corresponding Si nanostructures (scale bar – 250 nm) and the relative positions of the obtained colors in
the chromaticity diagram. This part of the figure is adapted from [S4]. (b) Mode decomposition of the corresponding
nanostructures for red (left), green (middle) and blue (right) color: total scattering, as well as ED, MD, EQ, and MQ
contributions are indicated.

The maximum transmittance of the structures is approximately 90% for the R filter at _ = 650 nm,

50% for G at _ = 550 nm, and 60% for B at _ = 450 nm. The corresponding color quality values of the

optimal filters are&R = 0.74, &G = 0.59, and&B = 0.52. In comparison, pigmented color filters can achieve

slightly higher values: &R = 0.94, &G = 0.82, and &B = 0.76 [179]. However, considering the fabrication

and scalability advantages of Si nanostructures as well as their insensitivity to strong illumination and non-

degradation in case of ultraviolet light illumination, they are a viable alternative to the established color

filter technologies. Some of the key specifications will be discussed next.
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1.2.5 Specifications

1.2.5.1 Angle tolerance

One of the main limitations of Mie-resonant planar nanostructures, or planar nanostructures in general, is

the dependence on the incident angle. The transmission spectra of the optimized RGB filters were calculated

for the incidence angle \ up to 45◦, see Figure 1.13(a). While only small changes are observed for the R

filter, the transmission spectra of the other two other filters, G and B, change significantly: a new maximum

appears while an existing minimum vanishes. Such changes are due to the angle-dependent excitation cross-

section of ED and MD resonances, their spectral shift and separation enabled by the nanostructure coupling

[99], as well as the excitation of higher-order modes in the spectral range of interest.

Even though incident light does not scatter into higher diffraction orders for normal incidence, this

becomes apparent at oblique incidence. The spectral position of the first diffraction order scales with the

angle of incidence according to the following relation:

_d = (=+ sin\) ×%, (1.39)

where = is the refractive index of the surrounding medium. To analyze the influence on the color quality&ξ,

it is calculated at different angles and plotted in Figure 1.13(b) for R, G, and B, respectively. As expected,

the color quality &ξ decreases with the increase of incident angle. However, up to an angle of 25◦ – a limit

set by the B filter – color reconstruction can still be achieved, and all filters produce distinguishable target

colors. For the G filter, the maximum incidence angle is 40◦, and for the R filter, it is larger than 45◦.

The results of filters illuminated by linearly polarized light coincide with the unpolarized illumination

due to rotational symmetry; see [S4] for more information. In contrast to normal-incidence, the electric

field distribution and electric field lines change inside the nanostructure because the nanostructures are

of a relatively small height �. With the increase of the angle \, the light impinges at the different-size

nanostructure cross-sections.

It should be noted that conventional dye-based color filters are also angle-sensitive. Their performance

relies on the wavelength-dependent absorption. Thus, the increase of the light path due to oblique incidence

results in subsequently modified transmission spectra.

1.2.5.2 Spatial resolution

The filters, arranged as small pixels in Bayer pattern [167], are analyzed to understand the effect of lateral

pixel-size and the limit of spatial resolution. To study this numerically, a model of a backside-illuminated

CMOS image sensor [180] is used. It is depicted in Figure 1.6(a). For simplicity, a perfect absorber [58,

181, 182] is emulated at the photodiode interface, neglecting reflection, and interference effects. Such a

condition means that the light, which passes the filter array, is fully absorbed by the photodiode. The

optimum parameters determined earlier (see Section 1.2.3.2) are used for the nanostructures within the

RGB pixels. The spacer layer (=s = 1.46) between the filters and the photodiode is set to a thickness of

0.1 µm.

The lateral pixel size was decreased from 4 µm, equal to 16 periods of the nanostructure array, down
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Figure 1.13: Angle tolerance analysis of optimized dielectric nanostructure-based RGB filters. (a) The transmittance
of red (left), green (middle), and blue (right) filters and their change by the increase of the angle of incidence. The
arrows highlight the transition from 0◦ (black dashed line) to 45◦ in the incidence angle. The colors of the lines
correspond to the transmitted colors. The chromaticity change is depicted in the chromaticity diagrams shown in the
insets. The filters are illuminated by unpolarized light. (b) Color quality&ξ change for red (left), green (middle), and
blue (right) filters, compared to the normal incidence case (dashed line). The figure is adapted from [S4].

to 0.25 µm, equivalent to a single period. Figure 1.14(a) shows how the transmission changes with the

change of pixel size. For each wavelength, all four color pixels are illuminated. The transmission of each

pixel is defined by a fraction of the total incident power of light. It is noticed that additional features arise

in the spectra with the decrease of the pixel size. The most significant change can be seen when working

at the submicrometer scale. This change is related to the scattering from the neighboring filters. The

newly developed spectral dips can be assigned to a particular neighboring filter by comparing the positions

of the fundamental ED and MD resonances of the corresponding nanostructures. These resonances were

shown in the transmission spectra of semi-infinite arrays; see Figure 1.6(d). For reference, their spectral

positions are indicated in Figure 1.14(a) by the colored bars above the spectra. Furthermore, one can see

an increase in transmission at the position of the primary resonances. Thus, it can be concluded that the

effectiveness of the filters gradually decreases with their size. In addition to the scattering, a sharp feature

appears at _W = 516 nm for 0.25 µm pixel size, corresponding to the first order Wood anomaly [183, 184]

from the periodicity of the Bayer pattern. The change of spectra results in a subsequent change in colors.

In Figure 1.14(b), the color quality is plotted for the R, G, and B filters versus the filter size. For 4 µm filter

size, the calculated values are equal to the ones obtained in the case of infinite arrays: &R = 0.74,&G = 0.59,

and &B = 0.52. For 0.5 µm filters retain positive values of &R = 0.74, &G = 0.39, and &B = 0.36, meaning

that the indexed colors could still be successfully discriminated. Nence, the analysis predicts that sub-

micrometer color filters of 0.5 µm size, corresponding to just 2× 2 nanostructures, would be applicable.

Unfortunately, with the selected R, G, and B unit cells, going below 0.5 µm size is complicated due to the
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Figure 1.14: RGB filter array spectral response and crosstalk analysis based on color quality &ξ. (a) Transmission
of red (left), green (middle), and blue (right) filters, measured 0.1 µm below of all three color filters. Arrows and the
color coordinate change in the CIE chromaticity diagram in the insets show the spectral change by decreasing the pixel
size. The infinite array case is highlighted by the black dashed line. The grey dashed line depicts the transmission
functions of the 0.5 µm filters. Colored tabs show approximate positions of resonances from neighboring filters. (b)
Color quality &ξ dependence on the pixel size for red (left), green (middle), and blue (right) filters, keeping the initial
geometrical parameter. A cross depicts the color quality of 0.4 µm filters with tuned transversal parameters. The
figure is adapted from [S4].

light diffraction and coupling. In correspondence to the spectral analysis, color qualities for 0.25 µm filter

size drop significantly, with R and B diminishing to zero, meaning that the targeted colors are no longer

distinguishable.

For experimental verification of numerical predictions, color filter arrays are fabricated in Bayer pattern,

consisting of two G, one R, and one B pixels each. The same pattern was repeated by reducing the size of

the filters from 4 µm by a factor of two until a color pixel of the single nanostructure is reached, resulting

in the pixel sizes of 4, 2, 1, 0.5, and 0.25 µm. The transmissive white-light microscope images, taken with

a high numerical aperture (NA = 0.9) objective, are shown in Figure 1.15(a), together with SEM images of

the structures in Figure 1.15(b). It is visible that the R, G, and B colors can be discriminated for the pixels

down to 0.5 µm in size, which confirms the numerical results. For 0.25 µm pixel size, the different filters

cannot be coupled to the far-field due to the diffraction limit [185], and no conclusions on the colors can be

drawn.

According to the diffraction theory, the smallest resolvable object size is _/(2sin\). If one selects a

typical wavelength of the red color, _ ≈ 630 nm, this results in a resolvable pixel size of 0.315 µm or more

and 0.350 µm if the NA = 0.9 objective is used. However, to discuss the effects appearing when integrating

the proposed filters with CMOS sensors, the collection angle of the individual detectors is the limiting

factor. In our setup, the resolvable size also depends on the periodicity and the spacer between pixel and
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Figure 1.15: Downscaling of RGB color filters assembled in Bayer pattern. Optical microscope images of the 4, 2, 1,
0.5, and 0.25 µm filters (top); imaged with 100× (NA = 0.9) objective. The scale bars are shown in the microscope
images. SEM images of the filters (bottom), same scales as in (a) are maintained. The figure is adapted from [S4].

detector. Potentially, it can be reduced by reducing the thickness of the spacer, but if 0.1 µm spacer is used,

the collection angle \ ≈ 51◦ results in a minimal resolvable pixel size of 0.403 µm, which is close to the

demonstrated RGB color filters using Si nanostructures.

Finally, to understand the potential of further miniaturization, a filter with a size smaller than 0.5 µm

was found numerically possible by a denser distribution of the 2×2 nanostructures. Transversal geometry

re-optimization results in a decrease of the period for all filters, from 250 to 200 nm, and a slight change

in diameter of nanostructures composing G filters, from 150 to 160 nm. As shown by the crosses in Fig-

ure 1.14(b), a positive color quality for all of the RGB colors can be produced using 0.4 µm nanostructure-

based filters.

1.3 Chapter summary

In summary, submicrometer dielectric nanostructure-based RGB filters were successfully demonstrated

both numerically and experimentally. The fundamental ED and MD resonances of nanostructures were

tuned using their diameter and height, as well as metasurface period. The spectral position of ED resonances

was shown to be most sensitive to changing the diameter, MD resonances – the height of nanostructures.

However, even if the height is fixed, the diameter still allows tuning the resonances throughout the visible

spectral range.

A step-by-step optimization of metasurface elements was carried out to realize RGB color filter ar-

ray. For this reason, a figure of merit – color quality – was introduced. Although amorphous Si is not

ideal for such filters due to the broadband absorption losses limiting the maximum transmission in the

short wavelength range, the realized filters show colors comparable to conventional filters. They also po-

tentially provide many advantageous properties, e.g., robustness against high-intensity illumination and a

well-developed CMOS-compatible fabrication process. Considering the experimentally achieved state-of-

the-art 0.5 µm filters and their potential to be reduced even further by improving fabrication techniques,

Mie-resonant nanostructures present an intriguing opportunity for increasing the digital imaging resolution.
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Figure 1.16: The RGB pixel size evolution in the last two decades and the position of the obtained 0.5 µm spectral
filters. The adapted data points shown in black dots till the date of thesis submission, only filters arranged in color
filter arrays are considered [20, 35, 40, 55–57, 59–61]. The black dashed line represent a linear fit of the dots. The red
dot highlights the current result of 0.5 µm spectral filters. The grey area depicts the period of doctoral studies. The
figure is adapted from [S4].

It should be noted that the successfully obtained 0.5 µm filters are significantly smaller than the previously

reported color filters set in color filter arrays; see Figure 1.16, where our structures are compared to results

of the last two decades [20,35,40,55–57,59–61]. Different types of Si, such as c-Si, a-Si, and a-Si:H [S2],

as well as other high-index materials, such as TiO2 and GaP [43], could further improve the nanostructured

filters, increasing the transmitted color quality and, subsequently, improving the discrimination of RGB,

CMY, and even multispectral colors.

The results on nanostructure-based transmissive color filters are published in Proc. SPIE [S2] and ACS

Photonics [S4]. The knowledge on Mie resonators was used to create coupled Mie resonators for surface-

enhanced Raman spectroscopy, published in Scientific Reports [S3] and Proc. SPIE [S7], but not included

in the thesis. Furthermore, the numerical experience contributed to a project on scanning near-field optical

microscope (SNOM), resulting in several publications in CLEO proc. [S5] and Rev. Sci. Instrum. [S6].

Another publication [S12] is in preparation at the moment of writing this work.



Chapter 2

Nanostructure-modulated Fabry–Pérot

resonators

The Mie resonators, used as color filters in Chapter 1, can be used in other spectral ranges, but they do not

provide a high spectral selectivity, which is desired for the multispectral imaging [186]. This implies a need

for another optically resonant system. Accordingly, the spotlight of Chapter 2 is on a well known optically

resonant high-quality system – a Fabry–Pérot (FP) resonator. Proposed more than a century ago [187],

FP resonators have found their way into numerous applications in microwave [188] and optical technolo-

gies [189].

This chapter introduces the essential properties, definitions, and physics of the FP resonators. First, the

reader will be taken through the basics, including the effective medium theory, and introduced to different

ways of using high-index dielectric nanostructures inside the FP resonator to tailor its spectral response.

The second part is an applicability-study of FP resonators for biomedical sensing. The basic configuration

of the FP filters with silver (Ag) mirrors are used to obtain a simple, low-cost, and ultra-thin multispec-

tral platform, which is optimized for remote blood-oxygen sensing in the visible and near-infrared spectral

ranges. The pixelated FP filter arrays are experimentally realized and integrated on a CMOS sensor. Fur-

thermore, to further carry the physics, the final part of this chapter presents a study on spectropolarimetry.

Polarization-sensitive high-index nanostructures and DBRs are used to design and experimentally demon-

strate a 7-µm-thick spectropolarimetric system for three spectral bands and two linear polarization states.

The spectropolarimetric system enables the applicability in a variety of miniaturized optical devices, in-

cluding but not limited to satellites for Earth observation.

The results on polarization-insensitive FP filters with Ag mirrors and TiO2 nanostructures, presented in

Section 2.2, are in the process to be published at the time of thesis writing [S11]. The concept of spec-

tropolarimeter with DBRs and embedded polarization-sensitive Si nanostructures, presented in Section 2.3,

is patented [T1] and published in Optics Express [S9].
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2.1 General properties

2.1.1 Properties of Fabry–Pérot resonators

A typical FP resonator consists of two mirrors separated by a medium with an optical length !, as illustrated

in Figure 2.1(a). For convenience, it is assumed that both mirrors are planar, and their reflectivities are equal,

' = '1 = '2, while the losses generated by scattering and absorption are negligible. Then the FP resonator

provides a Lorentzian-shaped transmission peak, centered at the wavelength _0, as shown in Figure 2.1(b),

for which the following condition holds [189]:

_0 =
2!

@
, (2.1)

where @ is an integer number, representing the order of the resonant mode.

Ideally, the transmission exhibits a periodic sequence of the peaks. The central wavelengths of the peaks

_0 can be tailored by the optical distance between the mirrors ! = !0=eff, which relies on the geometrical

length (distance) !0 and the effective refractive index of the medium =eff; see further discussion on tailoring

of the FP resonances in Section 2.1.3.

medium

mirror

mirror

T

R

neffL0

TmaxT

l0 l

FWHM

a b

Figure 2.1: Schematic illustration. (a) FP resonator constituted of mirrors with reflectivity ' = '1 = '2 spaced by a
medium with optical length ! = !0=eff. Part of incident light is reflected by the first mirror, while the other part goes
through, resonates between the mirrors, and is transmitted if the resonant condition is met. (b) Spectral resonance with
highlighted properties such as the maximum transmittance )max, the bandwidth (FWHM), and the central wavelength
_0. The figure is partially adapted from [S9].

In practice, using real mirrors, e.g., Ag mirrors, extra phase shifts induced by mirrors have to be ac-

counted for [190]. Accordingly, Equation 2.1 is modified to the following expression:

_0 =
2!

@− i1 +i2

2

, (2.2)

where i1 and i2 are the extra phase from the top and the bottom Ag mirrors, respectively; with i1 = i2,

if identical mirrors are used. The beam propagation inside the resonator can be described by means of

geometrical optics. Also, now, the losses generated by scattering and absorption of the mirror may be
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incorporated into the resonator model by placing a medium with a loss factor + between the mirrors. The

loss factor represents the fraction of incident light intensity that is transmitted by the medium.

If monochromatic light with wavelength _, and intensity �0 (electric field �0) is incident on a FP res-

onator, it will be partially reflected by the first mirror, while the rest will propagate into the resonator. There

the light gets reflected back and forth between the two mirrors, each time partially coupling out of the FP

resonator in both, the forward and the backward, directions. Summation of all waves coupled out yields the

transmission ) and the reflectance ' of the FP resonator. If A1 and A2 denote the reflection coefficients, and

C1 and C2 are the corresponding transmission coefficients of the two mirrors, the reflected field �r and the

transmitted field �t are expressed by the following equations [190]:

�r = �0

[
A1 − C21E

2A2 exp[i2:!]
∞∑
==0

(E2A1A2 exp[i2:!])=
]
, (2.3)

�t = −�0C1C2E exp[i:!]
∞∑
==0

(E2A1A2 exp[i2:!])=. (2.4)

By calculating the intensities from Equation 2.3 and Equation 2.4, the fraction of the incident intensity �0
being transmitted and reflected by the FP resonator is determined as:

' =

(√
'1 −

√
'2+

)2 +4
√
'1'2+ sin2(:!)(

1−
√
'1'2+

)2 +4
√
'1'2+ sin2(:!)

, (2.5)

) =
(1−'1) (1−'2)+(

1−
√
'1'2+

)2 +4
√
'1'2+ sin2(:!)

, (2.6)

where 'i = |Ai |2 is the reflectivity of mirror, + = |E2 | is the loss factor per transit (E is the amplitude loss

factor), and : = 2c/_ is the wavenumber. Accordingly, the maximum transmission (amplitude at _0) is

given by:

)max =




1, if '1 = '1, + = 1,

(1−'1) (1−'2)+
(1−

√
'1'2+)2

, otherwise.
(2.7)

Another important aspect of the filters based on the FP resonators is the full width at half maximum

(FWHM) of the transmission peaks, which directly relates to the spectral resolution of the system. Follow-

ing the assumption that both mirrors have the same reflectivity ', the FWHM is expressed by the following

equation [191]:

FWHM =
_(1−')
@c

√
'
. (2.8)

Thus, the higher the reflectivity of the mirrors, the higher the spectral resolution. Accordingly, an important

characteristic of all resonant systems is defined - the so-called quality factor &:

& =
FWHM
_0

. (2.9)

All definitions presented will be further used in the following sections.



Chapter 2. Nanostructure-modulated Fabry–Pérot resonators 33

2.1.2 Effective medium theory

The tailoring of FP resonators in this chapter is largely based on changing the effective refractive index of

the medium. This is done by adding high refractive index nanostructures into a lower index medium of the

resonator; thus, changing the effective refractive index of the medium. The effective index calculation is not

as simple as it seems, as simple geometric averaging does not provide accurate results. Thus, different ef-

fective medium theories were developed [192,193]. The idea of the effective medium theory is to represent

a system of different materials as a homogeneous structure, described by a particular dielectric function.

The most known effective medium approximations are Maxwell Garnett [194] and Bruggeman [195]. They

are introduced in Section 2.1.2.1 and Section 2.1.2.2, respectively. Other notable effective medium theories

are Looyenga [196], Monecke [197], and aggregate equivalent [198, 199].

2.1.2.1 Maxwell Garnett approximation

One of the most famous effective medium approximations is the Maxwell Garnett approximation [194]. The

derivation of the Maxwell Garnett approximation starts from the concept of Lorentz field. The assumption is

that the local field Eloc experienced by a molecule is not the macroscopically averaged field. To evaluate this

field, a sphere, which is macroscopically small but microscopically large, is defined around the molecule.

The local field Eloc is then expressed as [192]:

Eloc = E0 +Ed +Es +Enear, (2.10)

where E0 is the external field, Ed is the depolarization field due to the bound charges on the outer surface

of the dielectric medium, Es is the field due to bound charges on the surface of the sphere, and Enear is due

to the configuration of nearby molecules. The external field E0 and its resulting depolarization field Ed are

equal to the macroscopic field E, the spherical polarization field can be rewritten as Es = (4c/3)P, while

the contribution of Enear vanishes in the cubic symmetry [200]. Thus, the final expression of the local field

Eloc simplifies to:

Eloc = E+ 4c

3
P, (2.11)

which is the so called Lorentz local field relation. It is used to obtain the Clausius–Mossotti relation [201],

which relates a macroscopic property with a microscopic property, e.g., the dielectric constant Y with the

molecular polarizability U. Its proof consists of identifying the connection between the dipole moment of

the molecule with the local field Eloc via the molecular polarizability U. Then, the Lorentz field relation is

used to derive the macroscopic polarization P and hence the susceptibility j in terms of polarizability U.

The dipole moment of a molecule p is given by:

p = UEloc , (2.12)
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where U is the polarizability. Then, using Equation 2.11 the polarization P is expressed as:

P =

∑
9

# 9p 9 =
∑
9

# 9U 9Eloc( 9) =
∑
9

# 9U 9

(
E+ 4c

3
P

)
. (2.13)

The sum is over all molecules 9 , whose polarizabilities U 9 are with the local field Eloc( 9) at that site, and

# 9 is the number of molecules per unit volume, assuming that the local field is identical for all sites. Next,

the dielectric susceptibility is expressed as:

j =
P

E
=

∑
9 # 9U 9

1− 4c
3

∑
9 # 9U 9

. (2.14)

The Clausius–Mossotti relation is written in terms of dielectric constant Y = 1 + 4cj. It is obtained by

rearranging Equation 2.14 [201]:
Y−1

Y +2
=

4c

3

∑
9

# 9U 9 , (2.15)

which directly shows the relation between the macroscopic Y and the microscopic U 9 , and is a key relation

for the approximations of the effective medium theory.

It is assummed that a microscopic polarizability U for a spherical inclusion with dielectric constant Yi

and radius 0 is expressed as [200]:

U =

(
Yi −1

Yi +2

)
03. (2.16)

If Equation 2.16 and the Clausius–Mossotti relation, Equation 2.15, is combined, one obtains:

(
Yeff −1

Yeff +2

)
= 5

(
Y1 −1

Y1 +2

)
, (2.17)

where Yeff is the effective dielectric constant of the medium, Yi is the dielectric constant of the inclusions,

and 5 is the volume fraction of the inclusions [192]. Finally, the Maxwell Garnett formula can be rewritten

for a host medium of dielectric constant Ym with inclusions of dielectric constant Yi:(
Yeff − Ym

Yeff +2Ym

)
= 5

(
Yi − Ym

Yi +2Ym

)
. (2.18)

Solving for the effective dielectric constant Yeff leads us to [193]:

Yeff = Ym
Yi +2Ym +2 5 (Yi − Ym)
Yi +2Ym − 5 (Yi − Ym)

. (2.19)

2.1.2.2 Bruggeman approximation

Another famous effective medium theory was derived by Bruggeman [195]. Here, a binary system with

fraction 5 of dielectric constant Yi and ( 5 − 1) of dielectric constant Ym is considered, as before. Brugge-
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man’s greatest contribution is the hypothesis that the average flux deviation should be zero:

5ΔΦi + ( 5 −1)ΔΦm = 0. (2.20)

Here the flux deviation ΔΦi is given by the following expression:

ΔΦi = 2c

(∫ 0

0

dAYi�inside −
∫ 0

0

dAYi�0

)
= 2c02Yeff�0

(
Yi − Yeff

Yi +2Yeff

)
, (2.21)

where A is the coordinate unit in spherical system, �0 and �inside are the fields far from the particle and

inside of it, respectively, and 0 is the radius of the particle. Accordingly, for a single particle (inclusion) the

following formula is obtained:

5

(
Yi − Yeff

Yi +2Yeff

)
+ ( 5 −1)

(
Ym − Yeff

Ym +2Yeff

)
. (2.22)

A detailed derivation is provided in [192]. Using the Bruggeman formula, one can also solve for the

effective dielectric constant Yeff:

Yeff =
1

4

(
V+

√
V2 +8YiYm

)
, (2.23)

where V = (3 5 − 1)Yi + (3(1− 5 ) − 1)Ym for a medium constituted of two different materials with corre-

sponding dielectric constants, Ym and Yi.

In the case of the presented effective medium theories, a certain size and filling factor limitations have

to be considered, e.g., the presented Bruggeman approximation holds for spherical inclusions only up to

5 = 1/3 [192], and similar limitations are found for Maxwell Garnett approximation [193, 202]. For larger

or more complex-shaped inclusions, Maxwell Garnett and Bruggeman effective medium theories cease to

work. They can still be used for a rough estimation of the effective refractive index, which is expressed as:

=eff =
√
Yeff. (2.24)

However, more sophisticated models have to be used for accurate results, especially when the optical size

becomes comparable to the wavelength of irradiation, and nanostructures start to resonate [10]. The validity

of the effective medium theories will be tested in Section 2.3.2.

2.1.3 Tailoring of effective refractive index

The most common approach to tailor the FP resonances is to change the physical length of the resonator

!0 [84–86]. However, it has been also demonstrated that inclusions, such as arrays of high-index nanos-

tructures, might be used to modulate the effective index =eff and, subsequently, the optical thickness of the

resonator [87]. Here, different ways of tailoring FP resonators with high-index dielectric nanostructures

will be introduced.

The FP resonator provides a Lorentzian-shaped peak in transmission, centered at the wavelength _0,

as introduced in Section 2.1.1 and shown in Figure 2.2(a). The inclusion of high-index nanostructures
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Figure 2.2: Tailoring of FP resonators by high-index nanostructures: (a) empty resonator (without inclusion) produc-
ing a single peak at the spectral range of interest; (b) resonator modulated by polarization-insensitive nanostructure,
producing a single red-shifted peak; (c) resonator modulated by polarization-sensitive nanostructure, two different
peaks at _G and _H (_G < _H) for two linear polarization states; (d) resonator modulated by grating, two different peaks
at _G and _H (_G ≪ _H) for two linear polarization states, G and H, respectively. The transmittance of G-polarized light
is depicted by the red solid line, the transmittance of H-polarized – the red dashed line, the reflectivity of mirrors – the
grey line. The figure is adapted from [S9].

increases the effective refractive index =eff; see Section 2.1.2. Such an inclusion adds a phase shift to the

resonator and a subsequent red-shift of the resonant peak, see Figure 2.2(b). Furthermore, suppose the

diameter in one axis �G of the nanostructures is chosen differently than the diameter in another �H. In

that case, the resonator will produce two different transmission peaks for two orthogonal linear polarization

states: one corresponding to a case where the electric field of the incident light aligns with the width of

the nanostructure (G-polarized light), the other - when the field aligns with the length of the nanostructure

(H-polarized light) [T1], as shown in Figure 2.2(c,d).

The spectral distance between the peaks can be controlled by altering the aspect ratio �G/�H of the

nanostructures. The most significant spectral separation of the peaks is achieved by a linear grating, as

in Figure 2.2(d), since it has an infinite aspect ratio. In any case, it is essential that the optical size of

the nanostructures is significantly smaller than the wavelength of operation (=�G,H < _). As described in

Section 2.1.2, then, the dielectric nanostructures are expected to be non-resonant, and the modulation of

the resonator is based only on the change of the effective refractive index [192]. Also, the period of the
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nanostructure array should be sub-wavelength to avoid the diffraction of light.

Next, the FP resonances and tailoring of them using high-index dielectric nanostructures will be em-

ployed for specific functionalities in spectral imaging and spectropolarimetry.

2.2 Spectral filters for blood oxygen sensing

Spectral imaging is applied in various applications as the spectral information provides details on the ma-

terial composition. Such information is useful in assessing food quality, artwork authentication, and many

other applications [68, 69]. Slowly but steadily, the multispectral imaging is also finding its place in the

field of biomedicine [93].

Oxygen is vital to our bodies. Low oxygen levels in our blood may indicate heart conditions such as

heart defects, lung conditions such as asthma, emphysema, or bronchitis, sleep apnea, inflammation, and

scarring of the lung tissue [94]. Thus, it is essential to monitor the level of oxygen transported by blood

throughout our bodies. The first spectrophotometric analysis of oxygen saturation in tissue was presented

more than half a century ago [203]. A few years later, the methodology was implemented in a device [204],

which was called oximeter [205]. Since then, it has endured extensive development to what is now known

as a pulse oximeter [206, 207]. A typical oximeter uses two light-emitting diodes for illumination and a

photodiode to detect the light reflected from a test subject. One of the light-emitting diodes emits red light,

the other – near-infrared light. Absorption of light at these particular spectral ranges differs significantly

between the blood with oxygen and the blood lacking it. The oximeters were usually fixed to a fingertip

or an earlobe but have been recently also built-in smartwatches [208]. Moreover, it has been demonstrated

that identification of oxygen level can be made remotely using ambient light and capturing its reflected part

by a set of cameras with dedicated filters [209, 210].

In order to build a compact optical system for remote sensing, nanostructure-based filters are analyzed.

The filters are used in array configuration with the potential to detect the signals from multiple spectral

ranges on a single CMOS sensor. To some extent, the previously introduced Mie-resonant metasurfaces

could be extended to the near-infrared spectral range. However, such biomedical applications would benefit

from a high signal-to-noise (SNR) ratio. Thus, alternative optically resonant systems – FP resonators – are

investigated. In this section, a design of nanostructured multispectral FP filters is demonstrated. They will

be optimized towards blood-oxygen sensing, and their performance will be analyzed in terms of spectral

resolution, spatial resolution, and other crucial parameters.

2.2.1 Concept

The protein inside red blood cells that bounds to oxygen is called hemoglobin (Hb). If the hemoglobin

molecule is bound to oxygen, it is called oxy-hemoglobin (HbO2). Accordingly, the saturation of oxygen is

expressed as follows [211]:

(O2
=

�HbO2

�Hb +�HbO2

, (2.25)
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where �Hb and �HbO2
are the concentrations of Hb and HbO2, respectively. Hb and HbO2 have different

wavelength-dependent absorption [212]. The molar extinction coefficient as a function of wavelength for

both, Hb and HbO2, are shown in Figure 2.3. There are at least five spectral ranges, where one can identify

a high difference between the spectra. At the beginning of oximetry, it was quite difficult to isolate those

spectral ranges [205], but because of highly improved light sources and/or spectral filters, it became feasible.
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Figure 2.3: Molar extinction coefficient of Hb and HbO2 as a function of wavelength. Two spectral ranges of interest
are indicated: from 600 nm to 800 nm (R band; see sand color area), and from 800 nm to 1000 nm (NIR band; see
violet area). The spectra are adapted from [212].

Initially, oximeters used one spectral range around red light for oxygen saturation measurement and

another around green light, which is at a relatively neutral position, to designate the total density of

blood [205]. Later, the irradiation of the second source was moved further to the near-infrared [211, 213].

As can be seen in Figure 2.3, the extinction of Hb is stronger in the spectral range from 600 to 800 nm, and

it is the other way around from 800 to 1000 nm. It can be also noticed that there is a number of spectral

ranges below 600 nm, which seem to also fit the required difference between Hb and HbO2, but the use of

short wavelengths is limited by high absorption of melanin [214].

There have been a multiple demonstrations of multispectral imaging [215, 216] or even a single wave-

length detection [217,218], but using red and near-infrared spectral ranges have prevailed for measurement

of the relative oxygen level. The following equation [213] governs the relation of oxygen saturation and the

ratio of collected light at red (R) and near-infrared (NIR) wavelengths:

(O2
= �+�× (UR/UNIR) , (2.26)

where � and � are constants dependent on physiological characteristics of the sensor and blood, and UNIR

and UR are the signals (intensities) of the reflected light collected at NIR and R spectral ranges, respectively.

In remote sensing using ambient light and spectral filters, the signals are attenuated by the transmission

bands of those filters. Thus it is important to have spectral selectivity in the bands of interest but also sustain

as high transmission as possible. In this section, the FP resonators will be optimized for R and NIR bands.

The bandpass of the filters has to be broad enough to collect as much as possible light at the targeted spectral

range, but also back-reflect the parasitic light, especially the light from the other band of interest. Next, the

design considerations, optimization, fabrication steps, and estimates for spectral and spatial resolution will
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be presented.

2.2.2 Methods

2.2.2.1 Numerical simulations

The design of FP filters for blood-oxygen sensing was created using the FDTD method (Lumerical). A

3D model of an infinite array of TiO2 nanostructures in a FP resonator was emulated by a unit cell with

PBC on the sides and PML on the top and the bottom of the simulation domain. An extremely fine mesh

(ΔG < _/100) was used for the Ag mirrors to ensure converged results. The unit cell was illuminated by a

normally-incident linearly-polarized plane-wave source. Frequency domain field and power monitors were

used to record transmittance and reflectance of the cavity.

2.2.2.2 Sample Fabrication

The fabrication was carried out in the following steps: the deposition of the bottom mirror, the formation

of the alignment markers, the nanostructuring and the formation of the cavity, and the deposition of the top

mirror.

First, a 30 nm Ag layer was deposited on a glass wafer by electron beam evaporation (Vacom V700,

custom-made). The sample was immediately transported to the ion-beam machine (Oxford Ionfab 300,

Oxford Instruments), where 10 nm of Ag was etched to remove the potentially oxidized layer, and 15 nm of

Al2O3 was deposited. Before structuring the cavity, alignment markers have to be created for the bonding

procedure, described in Section 2.2.6. For this reason, a resist (EN038, Tokyo Ohka Kogyo) was spin-

coated, which was then patterned by electron beam (Vistec SB 350, Vistec Electron Beam) and developed

for 30 s at room temperature. The Al2O3 and Ag were etched with an ion beam (Oxford Ionfab 300, Oxford

Instruments). Afterward, the resist was removed by 5 min exposure of oxygen plasma (Sentech SI-500 C,

Sentech Instruments).

Then, the nanostructuring of the cavity was done by a lift-off technique. First, a two-layer resist

(ARP617 and ARP6200) was spin-coated, exposed by electron beam (Vistec SB 350, Vistec Electron

Beam), and developed for 30 s at room temperature. Then, the TiO2 was deposited by electron beam

evaporation without background pressure (Vacom V700, custom-made). Finally, the excess material was

lifted-off in acetone. The height of the nanostructures was determined to be equal to 100 nm. After the

nanostructuring, the nanostructures were covered with SiO2 by atomic layer deposition (ALD). The desired

thickness of the oxide layer was adjusted by back-etching. The sample was not planarized by a chemical–

mechanical polishing process [92], but an additional layer of the resist was deposited to reduce the local

waviness and roughness of the layer. The resist and SiO2 were back-etched to 115 nm by ion beam etching

(Oxford Ionfab 300, Oxford Instruments).

Finally, the top Ag mirror was deposited using the same steps as the bottom mirror. The sample was

covered with a 100 nm SiO2 layer to provide an effective hydrogen barrier for environmental sealing.
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2.2.2.3 Characterization

The fabricated sample was visually inspected using a white-light optical microscope (Axio Imager 2, Carl

Zeiss) with an installed 5-megapixel camera (AxioCam MRc 5, Carl Zeiss). The spectral analysis was

done with a plane-wave illumination using an inverted optical microscope system (Axio Observer D1, Carl

Zeiss) with an integrated broad-band VIS/IR imaging spectrometer (iHR320, Horiba), and SEM images

were taken (Helios NanoLab G3 UC, FEI).

2.2.3 Design and numerical optimization

Next, one will be introduced to design considerations of nanostructure-modulated FP resonators. Both

conventional and nanostructured filters will be used to obtain an array of filters required for blood-oxygen

sensing.

2.2.3.1 Material considerations

The critical elements of a FP resonator are its mirrors. The mirrors can be metallic [84] or dielectric [87];

the latter being often preferred due to lower intrinsic losses, but the former consist of only a single layer,

enabling thinner and simplier construction of the FP resonator.

Several different metals have been used in the construction of FP resonators, in particular Ag [57, 70,

84, 219, 220], Au [221], and aluminium (Al) [78]. The selection of the metal relies on its reflectance and

losses. For simplicity, one can assume the reflectance of a bulk metal, which has zero transmittance. In

such case, the normal incidence reflectance of a metal surface according to Fresnel equations is [222]:

' =
(=−1)2 + :2

(=+1)2 + :2
, (2.27)

where = and : are the refractive index and the extinction coefficient, respectively. Accordingly, one can

calculate and compare the reflectance of different metals; see Figure 2.4.

a b

400 500 600 700 800 900 1000 1100 1200
0.1

1

10

100

Im
ag

. p
er

m
itt

iv
ity

 e
"

Wavelength l, nm

 Ag
 Au
 Al

400 500 600 700 800 900 1000 1100 1200
0.0

0.2

0.4

0.6

0.8

1.0

 Ag
 Au
 Al

R
efl

ec
ta

nc
e

Wavelength l, nm

Figure 2.4: Comparison of different metals (Ag, Au, and Al) for the construction of FP mirrors. (a) The reflectance
of bulk materials as a function of wavelength _. (b) The imaginary part of permittivity Y′′ as a function of wavelength
_, corresponding to the absorption of materials. Spectra of Ag are marked by the solid red line, Au – the dashed blue
line, Al – the dotted brown line. The sand-color area corresponds to the R band, the purple area – NIR band.
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Moreover, using the refractive index =, and the extinction coefficient : , the imaginary part of the per-

mittivity can be calculated:

Y′′ = 2=:, (2.28)

which resembles the losses in the material; see Figure 2.4. Here, it can be seen that the reflectance of Ag in

the visible spectral range for Ag is higher than that of Au or Al. Also, the imaginary part of the permittivity

is lower compared to others. Both aspects indicate Ag as the best choice. The dispersion of a thin Ag

film may differ from the bulk material; thus, it was measured [219]; see Appendix A. The top and the

bottom Ag mirrors are made the same way and are optimized for the maximum transmission, as required

by Equation 2.7. The cavity is constituted of SiO2 with TiO2 inclusions, the latter being the high index

material of the medium. Both materials exhibit negligible losses in the visible spectral range; see dispersion

parameters in Appendix A.

2.2.3.2 Figure of merit

Next, a figure of merit for the optimization of FP filters will be introduced. For color filters it is convenient

to use the figure of merit of color quality&b as it indicates both, the color difference Δ� and the SNR. Here,

the exact spectral location does not matter as much as the total amount of light transmitted by the filter, the

relative power detected by the sensor Usignal, and its ratio with noise – the SNR. The signal at the band of

interest is the integral of the filter function ) (_):

Usignal =

∫ _max

_min

) (_) d_, (2.29)

where _min and _min depict the boundaries of the spectral band of interest. Subsequently, the SNR is:

SNR =
Usignal

Unoise
=

∫ _max

_min
) (_) d_∫ _min

_0
) (_) d_ +

∫ _∞
_max

) (_) d_
, (2.30)

where Unoise is the unwanted signal from the spectral components outside of band of interest, yet still

transmitted through the filter.

In case of blood-oxygen sensing, the spectral range can be reduced to only two spectral bands, R band

(from 600 nm to 800 nm) and NIR band (from 800 nm to 1000 nm). Subsequently, the calculation of SNR

simplifies to:

SNRR =
UR

UNIR
=

∫ 800

600
) (_) d_∫ 1000

800
) (_) d_

, (2.31)

SNRNIR = (SNRR)−1 . (2.32)

2.2.3.3 Conventional resonators

The simplest way to tune a FP resonator is to change its physical length (thickness) !0. To reduce the

complexity of the final system, the design starts from a conventional empty cavity. It will be the filter at the
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shorter wavelengths, the R band. The central wavelength of the resonance _0 is linearly dependent on the

cavity length (thickness) !0, as defined by Equation 2.1. Thus, the physical cavity length !0 is varied in the

search for the highest SNRR. From Figure 2.5(a), this turned out to be at the thickness !0 of only 170 nm.

In such a case, the operation is with the lowest order mode (@ = 1).
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Figure 2.5: Three different types of FP spectral filters. (a) Conventional FP filter with an empty cavity, where only the
physical thickness of the cavity is varied; such type of a filter is used to get the R band. (b) Nanostructure-modulated
but planarized filter, where high index nanostructures (TiO2) are embedded in the cavity and later planarized to obtain
15 nm SiO2 spacers between the nanostructure and both top and bottom mirror. The filling factor (fraction) 5 of
the nanostructure is varied from an empty cavity to a cavity consisting only TiO2 with only thin SiO2 spacers. (c)
Nanostructure modulated but unplanarized, where the thickness of the top spacer also depends on the filling factor of
the nanostructure, accordingly the resonance shift is bigger than for the planarized filter; such type of a filter is used
for NIR band.

If !0 is increased further, higher-order modes (@ > 1) appear at shorter wavelengths. Here, it is also

important to note that using Ag for the construction of mirrors ensures high reflection in the infrared spectral

range. Thus, if the lowest order mode (@ = 1) is used, only shorter wavelengths have to be stopped by an

additional spectral filter.

2.2.3.4 Nanostructured resonators

Next, the periodic array of rectangular TiO2 nanostructures is embedded into the FP resonator. In such a

way the FP resonances can also be tailored to obtain multispectral filters, and then one of the bands is used

as our NIR filter.
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During the fabrication (see Section 2.2.2.2), the nanostructure size has an effect on the total thickness

of the cavity. If one considers that the ALD process covers the whole nanostructured TiO2 layer uniformly

with SiO2, the thickness of the cavity at different patches is expressed by the following equation:

!0 = � (1+ 5 ) +2!spac, (2.33)

where !spac is the thickness of the spacer, � is the height of the nanostructure, and 5 is the filling factor

of the high-index nanostructure within the unit cell, expressed as 5 = �2/%2 with � being the diameter of

the nanostructure, and % – period. In this particular configuration, the thickness of both, Al2O3 spacer and

SiO2 spacer, is considered constant and equal to !spac = 15 nm. The thickness of the pixelated area with

nanostructured FP cavities is usually planarized by a chemical-mechanical polishing process [92] in order

to have the same physical thickness for the empty and the nanostructured resonators, but the unplanarized

sample can be actually used to an advantage.

Taking the filling factors from 5 = 0 to 5 = 1, the planarized FP filters cover the spectral range from

_0 = 665 nm to _0 = 1024 nm (Δ_0 ≈ 360 nm), while the unplanarized FP filters cover the spectral range

from _0 = 665 nm to _0 = 1434 nm (Δ_0 ≈ 770 nm); see Figure 2.5. Thus, the spectral range obtainable

with the unplanarized sample is larger than for the planarized one by at least a factor of 2. See more details

on exact spectral properties in the following section.

In the meantime, the maximum thickness of the unplanarized nanostructured FP filter reaches !0 =

230 nm, while for the conventional FP filter resonant at _0 = 1434 nm one would require a thickness of

!0 = 434 nm. Accordingly, it can be concluded that the high-index inclusions enable not only a single-

lithography-step fabrication, but also physically thinner optical elements, which is of convenience in minia-

ture optical devices.

2.2.4 Experimental realization

The nanostructure arrays inside the nanostructure-modulated FP resonators were fabricated by a lift-off

technique described in Methods; see Section 2.2.2. The 300× 300 µm2 patches, shown in Figure 2.6(a),

vary in the diameter of nanostructures from 60 to 300 nm. Note that the color in the transmission is a

product of the FP resonances. They relate to the first-order FP resonance or a combination of the first and

the second order. However, for the current application, the colors have to be considered carefully. Part of

the investigated spectra, as shown further, is in NIR, which is not fully resembled by the colors.

The nanostructures used in the big patches were also used for construction of pixelated arrays with a

pixel size 3pixel = 17.92 µm; see Figure 2.6(b). Similarly, the pixelated patches differ in the diameter of

nanostructures �, but due to a higher etching rate, the positions of the geometric parameters are slightly

shifted. The highlighted pixelated patch consists of optimized pixels. The pixels are arranged in a checker-

board pattern. Half of the pixels are based on empty FP resonators (sand color), and another half – FP res-

onators with nanostructure inclusions (purple color). The constituents of the resonators are explicitly shown

in Figure 2.6(c–e). Here, one can note a horizontal cross-section of an empty cavity in Figure 2.6(c), where

a grain-like surface is observed as a result of Ag degradation. The deposited Ag layer was back-etched to
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a b

c d e

Figure 2.6: Experimentally obtained patches of FP filters with different size inclusions: (a) uniform patches, � varies
from 60 to 300 nm. (b) same but pixelated patches, with pixels equal to 17.94 µm. (c) SEM image of top view of
an empty cavity before top mirror deposition. Scale bar is equal to 1 µm. Oxidation of bottom Ag mirror is clearly
visible. (d) SEM image of top view of a nanostructured cavity cavity before top mirror deposition. Scale bar is equal
to 1 µm. (e) SEM image of side view of a single TiO2 nanostructure (darker shade) on Ag mirror (bright shade). Scale
bar is equal to 100 nm. Colored insets correspond to the optically visible colors in transmission.

avoid the oxidized layer, but as discussed next, such a process was found to be insufficient. The nanostruc-

tures are also shown; see SEM image of the square-like nanostructures from the top in Figure 2.6(d), while

the vertical cross-section of a unit cell before the deposition of the top Ag mirror is shown in Figure 2.6(e).

Due to the irregular shape of sidewalls of the nanostructures, the filling factor of the nanostructures 5

was found via fitting of the numerical results. The previously introduced design was adjusted to the changes

in geometry. In particular, the cavity’s physical thickness was found to be only !0 = 130 nm, compared to

the design cavity with !0 = 170 nm. Thus, the resonant peaks are blue-shifted. The spectral response as a

function of the high-index filling factor is shown in Figure 2.8. Here, the positions of the experimentally

obtained values are indicated by the white dots.

The FP resonances of the measured systems are strongly damped due to the absorption in the oxidized

Ag mirrors; see Figure 2.7 for spectral comparison of the experimentally and numerically obtained optimal

pixels. Here, a significant drop in transmittance is noted, i.e., the maximum transmittance for the empty

cavity goes from 69% to roughly 14%, for the nanostructured cavity – from 65% to only 10%. Accordingly,

the SNRR drops from a theoretical value of 15.4 to 1.4, while the SNRNIR drops from 10.3 to 1.5. Moreover,

the first-order peak of the empty cavity is blue-shifted by Δ_ ≈ 100 nm, from _0 = 665 nm to _0 = 560 nm,

which reassures that the thickness of the fabricated resonator ! is smaller than anticipated. The blue-shift
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Figure 2.7: Comparison of optimal peaks for both simulation (top) and experiment (bottom). The peaks are strongly
damped for the experimental case, the peaks are shifted, but retain SNR > 1. Vertical dashed lines depict the central
positions of the peaks _0. The arrow notes the blue-shift of the R filter. Dotted lines indicate the Lorentzian-fit of the
peaks.
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Figure 2.8: Simulated spectral response of the blue-shifted FP filter with respect to filling factor 5 . The dashed line in-
dicates the central wavelength of the FP resonance, the white dots depict central wavelengths _0 of the experimentally
obtained filters.

is not observed for the nanostructured FP filter, as it was freely picked from a set of filters to match the

designed NIR filter. Even though the initial design proposed the filling factor of 5 = 0.31, due to a thinner

cavity, the filling factor of 5 = 0.65 is used. Naturally, the freely selected NIR filter is close to the design.

The experimentally obtained peak is at _0 = 938 nm, while the design peak was at _0 = 920 nm. Despite the

attenuated performance, the experimentally fabricated sample is sufficient for the proof of concept. Next,

several other specifications will be discussed in detail.
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2.2.5 Specifications

2.2.5.1 Angle tolerance

It is known that the transmission peak of the FP resonator blue-shifts with the increase of the incident

angle [190]. The shift is described by a cosine relation; thus, Equation 2.2 can be modified to obtain the

following form [190, 223]:

_0 =
2! cos\

@−i1,2

, (2.34)

where \ is the angle of incidence, ! is the optical length of the resonator, @ is the integer defining the order

of the resonance, i1,2 is the phase shift by the Ag mirror.
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Figure 2.9: Angle tolerance of FP filters. (a) R filter, an empty resonator operating from 600 nm to 800 nm, (b) NIR
filter, a nanostructured resonator operating from 800 nm to 1000 nm. The spectral information (bottom) is integrated
over specified spectral bands to obtain the SNR (top).

The exact spectral response is found numerically. The polarization of the incident light is set at the axis

of the varied angle (?-polarized light). The transmission spectra were calculated for the angle \ up to 45◦

for both R and NIR filters; see Figure 2.9(a) and Figure 2.9(b), respectively. Despite the shift, the peaks

remain mostly within the spectral bands of interest. Thus the change of SNR is minimal. In the numerical

analysis, the SNRR maintains its value, while SNRNIR experiences a slight decrease but remains well above

1, proving that FP cavities with Ag mirrors are quite tolerant to oblique incidence.

Furthermore, the proposed FP filters can be used in various optical systems because the blue-shift of

the peak can be compensated by increasing the size of the embedded nanostructures [224]. In the standard

imaging system, the chief ray angle increases from the center to the edges of the sensor from normal

incidence up to 25–30◦. As the central wavelength of the peak _0 relates to the incident angle \ by a cosine

relation (see Equation 2.34). This means that the optical thickness of the cavity should be proportionally

increased in order to compensate for the spectral shift.
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2.2.5.2 Spectral resolution

FP filters using metallic mirrors cannot provide a high transmission and a narrow FWHM simultaneously

due to the aforementioned absorption of the mirrors [225]. The FWHM of the peak decreases with the

increase of mirror thickness at the expense of maximum transmission; see Figure 2.10. Here, the perfor-

mance of both an empty resonator (R filter) and a nanostructured resonator (NIR filter) is observed, while

gradually increasing the thickness of the Ag mirrors, from 5 nm up to 50 nm. Subsequently, in the case of

the R filter, the FWHM decreases from 584 nm down to 10 nm, see Figure 2.10(a), but, at the same time,

the transmission maximum drops from 90% to 19%; see Figure 2.10(b). A similar trend is noted for the

NIR filter.
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Figure 2.10: Spectral resolution and transmittance dependence on the thickness of Ag mirrors, constituting the FP
resonator. (a) FWHM, which directly corresponds to the spectral resolution, as a function of mirror thickness ℎ. (b)
Maximum transmittance as a function of mirror thickness ℎ. Due to wavelength-dependent refractive index of Ag, the
values for R and NIR filters differ, though the trend is identical.

The designed filters with Ag mirrors of ℎ = 20 nm, presented in Section 2.2.3, have a spectral reso-

lution of FWHMR = 69 nm and FWHMNIR = 66 nm with the maximum transmission at 73% and 66%,

respectively. In addition to mirror thickness, higher spectral sensitivities may be reached with a double res-

onator design [57, 219, 226], but this requires multiple deposition steps. Thus, if a high spectral resolution

is desired, the DBRs are the better option, as shown in Section 2.3.4.

2.2.5.3 Spatial resolution

Similarly to color filters, the smaller the lateral size of the FP filters, the more of them can be fitted on a

sensor, which ideally results in more information on the imaged object. A typical pixel size of multi- and

hyperspectral cameras ranges from 5.5 to 15 µm [85, 186]. However, the limits of spatial resolution have

never been tested for nanostructure-modulated FP filters.

To analyze the limits of the spatial resolution, numerical tests are done with the previously optimized

FP filters in a checker-board pattern, gradually decreasing the lateral size of the filters. The SiO2 spacer

layer between the filters and the detector was set to a thickness of 0.1 µm. Pixel sizes were considered from

approx. 4 µm, equal to 11×11 nanostructures inside the resonator, down to 0.36 µm, a single nanostructure.

In the case of an empty resonator (R filter), the SNR remains above 1 for all pixel sizes; from SNRR = 15.4
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for infinite size pixel it reduces to SNRR = 3.0 for a pixel with its transversal size equal to a single period

of % = 0.36 µm; see Figure 2.11(a). Furthermore, the results for nanostructured pixel (NIR filter) have a

similar trend, but it goes down to SNRR = 0.3 for a single period; see Figure 2.11. Thus, larger pixels have

to be used. In particular, numerical simulations suggest that pixels of at least 0.72 µm (2×2 nanostructures)

have to be employed, resulting in SNRR = 3.6 and SNRNIR = 2.2.

5 4 3 2 1 0
0.1

1

10

100

SN
R

N
IR

 filter NIR
 incl. junction

Pixel size, mm
5 4 3 2 1 0

0.1

1

10

100
 filter R
 incl. junction

SN
R

R

Pixel size, mm

a b

Figure 2.11: Theoretical assessment of spatial resolution of FP filters. (a) R filter, (b) NIR filter. Filters are downscaled
to submicrometer range, the effect of junction increases the minimum obtainable functional filter size.
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Figure 2.12: Junction between pixels and its corresponding effect. (a) Two-dimensional schematic depiction of the
junction due to different heights of R and NIR filters. (b) Transmittance result from the junction when comparing
separate pixels and pixelated area.

Up to now, the assumption was that neighboring FP filters are structurally independent of each other.

However, this is not fully correct. Experimentally, the top SiO2 and Ag layers are uniformly deposited on

all of the samples. Due to a vastly different filling factor of the TiO2 nanostructures in the cavities, 5R = 0

and 5NIR = 0.31 for R filter and NIR filter, respectively, not only the total thickness will differ at the spatial

positions of different filters, but a thickness gradient will be observed at the junctions of the filters [227];

see Figure 2.12(a). This is experimentally investigated by measuring and comparing the spectrum of the

pixelated filter area to the respective filters’ spectra. The arithmetic operation results in a small peak in the

middle of the main peaks, which is due to the gradient thickness at the junction; see Figure 2.12(b). For
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filters of 3pixel = 17.92 µm, it is approx. 1.35% of the total signal. The percentage relates to the ratio of the

junction and the total filter area. Thus the size of the junction is calculated to be 120 nm in width.

The size of the junction is expected to remain similar regardless of the size of the pixels. Thus, results

can be extrapolated for various size pixels. If accounted for, this slightly reduces the SNR for small pixels;

see Figure 2.11. However, for 3pixel = 2% the SNRs remain above 1: SNRR = 1.8 and SNRNIR = 1.5 for R

filter and NIR filter, respectively.

2.2.6 Integration on a CMOS sensor

Some nanostructured filters, such as silicon-based Mie-resonant filters, are CMOS-compatible. Thus their

fabrication may be carried out simultaneously with the fabrication of the CMOS sensor. However, filters can

also be bonded on an already existing sensor. Here, the bonding process and initial tests of the previously

introduced nanostructure-modulated FP filters will be presented.

The experiment was carried out using a Raspberry Pi camera module v2.1 [228]. The camera is equipped

with a backside-illuminated 8-megapixel Sony IMX219 image sensor, featuring 1.12×1.12 µm pixels. The

total size of the sensor is 3.68×2.76 mm2. For simplicity of the demonstration, the native RGB filters and

microlenses are kept on the sensor.

6-axis
positioning stage

sensor

UV-curable
adhesive

diffractive
element

substrate collimated light

diffraction pattern

filters

Figure 2.13: Scheme of filters integration on a CMOS sensor. The sample is bonded filters side down with UV-
curable adhesive. Diffractive elements on the sides of the sample produce a diffraction pattern, which is monitored
for accurate alignment. The sensor is spatially oriented by a 6-axis positioning system.

The wafer with FP filters is cut into small chips to fit the Raspberry Pi camera sensor area. During the

bonding procedure, a chip is mounted above the camera with the filter side facing the camera sensor, as

illustrated in Figure 2.13. Special alignment markers and diffractive optical elements (DOEs) are structured

for the bonding procedure. The space between the filter and sensor is filled with a liquid UV-curable

adhesive that matches the refractive index of the substrate. A collimated laser beam is directed to the setup

perpendicularly to the camera sensor. Subsequently, the aforementioned diffractive elements generate a

diffraction pattern on the sensor plane. From the signal registered, a relative position of the chip is evaluated

such that the lateral shift, rotation, distance, and tilt can be robustly controlled. The camera is fixed on a

6-axis positioning stage with submicrometer precision.

The distance between the filters and the sensor can be adjusted from a few to tens of micrometers by the
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pressure applied during the bonding procedure. However, it cannot be reduced lower than a micrometer,

as in the previous section. Thus, for the bonding, large filters are used. The lateral filter size is 3pixel =

17.92 µm; it covers 16×16 camera pixels. After the bonding, the sensor was illuminated by a light source

with narrow-band filters centered at _ = 660 nm and _ = 830 nm; see Figure 2.14. The grey-scale image

correlates with the expected behavior. For illumination at _ = 660 nm, more light reaches the sensor through

R filter, while at _ = 830 nm, it is vice versa.

a b

Figure 2.14: Camera test with bonded FP filters. Camera images of single-wavelength illumination at _ = 660 nm and
_ = 830 nm, (a) and (b), respectively. The 25 pixelated arrays with parameter variations are shown, the optical image
is zoomed in. Scale bars are equal to 100 µm.

2.3 High spectral resolution spectropolarimeter

Multifunctional imaging has emerged as new generation of digital imaging. It combines different technolo-

gies to obtain broader or even previously inaccessible information on the subject or scene of interest. In the

previous section, an exciting example was introduced for imaging beyond the conventional color imaging;

next, we extend it even further with an addition of polarization sensitivity. The technique that captures both

spectrum and polarization falls under the term of spectropolarimetry [66].

The limitations of the conventional optical components results in metasurfaces being suggested as a

technological solution for miniaturization and expanding of the functionalities. However, there are still

several obstacles to overcome and challenges to be addressed. First, many multifunctional optical elements

consist of a few transversely-variant layers on top of each other. Multiple layers cause quite a challenge in

terms of spatial alignment, as even small misalignment results in errors of the detected information [82].

Furthermore, it is crucial to obtain a high spectral resolution for the maximum gain of the spectral informa-

tion. However, up to now, the spectral resolution of spectropolarimetric systems was limited to the bands

of RGB filters [82] or required a connection to an external spectrometer [80]. Last but not least, imaging

systems should be integrated on a compact sensor. Thus, aspects such as sensor-compatibility of the pixels

are of a high importance and have to be addressed.

In this section, the concept of a planar spectropolarimeter is introduced. It is based on a set of polarization-

sensitive Si nanostructures embedded in a FP cavity. Such a system enables the reconstruction of the first
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three Stokes parameters ((0, (1, (2) with a high spectral resolution. This section presents a systematic

design and experimental demonstration, the polarization reconstruction algorithm regarding its limitations,

and optimization towards multiband spectropolarimetric design.

2.3.1 Concept

High-index inclusions, such as arrays of high-index nanostructures, can be used to modulate the effective

index of the FP resonator =eff, as introduced in Section 2.1.3. As mentioned, if the nanostructures have

different diameter on G- and H-axis, �G and �H, two resonant peaks are obtained for G- and H-polarized

light, respectively. The spectral distance between the peaks can be controlled by carefully altering the

aspect ratio �G/�H. As long as the nanostructures are non-resonant, the modulation of the FP resonator is

based only on the anisotropic change of the effective index [192].

Using different-size polarization-sensitive nanostructures inside the FP resonator, resonance peaks for

different wavelength and polarization combinations can be obtained. As illustrated in Figure 2.15, by

measuring intensities of a set of 6 pixels (�1, · · · , �6), one can retrieve both spectral and polarization infor-

mation in the form of discrete intensities for two linear polarization states (�G and �H) at three wavelengths

(_1,_2,_3) [T1]. For simplicity, it is assumed that the pixels have a transmission T = U=< at their peaks and

T = 0 elsewhere, where = is the number corresponding to the detector pixel and < indicates the polarization

state. Using this assumption, the following system of equations is formed:
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Unfortunately, this system of equations cannot be inverted. Thus, the spectropolarimetric reconstruction

is impossible. However, it can be made invertable by removing one of the transmission peaks from the

system of equations, e.g., by setting U6
G = 0. This results in a set of spectropolarimetric pixels, schematically

depicted in Figure 2.15(a). Their spectral functions are conceptually illustrated in Figure 2.15(b).

Furthermore, by including a second set of 6 pixels but with the nanostructures rotated by an angle of

45◦, the intensity of light polarized along 45◦ and 135◦ can be measured. Then, a set of 12 pixels in total

allows the retrieval of the first three Stokes parameters:

(0 = �G + �H = �45◦ + �135◦ , (2.36)

(1 = �G − �H, (2.37)

(2 = �45◦ − �135◦ . (2.38)

Such a system cannot retrieve all Stokes parameters [229], because it is unable to distinguish circularly

polarized light from unpolarized light; the fourth Stokes parameter (3 can not be retrieved. Also, the
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Figure 2.15: Concept of spectropolarimeter for linear-polarization. (a) Illustration of a set of 6 pixels, a super-
pixel, integrated directly on a sensor. (b) Lorentzian-shape spectral functions for 3 wavelengths (_1, _2, _3) and two
polarization states (G and H) using a set of 6 pixels (P1, · · · ,P6). A single-pixel provides two peaks for the two states
of linear-polarization, while one peak (P6) is cut-out for inversion of the matrix. The transmittance of G-polarized
light is depicted by the solid line, while transmittance of H-polarized light is shown by the dashed line. The figure is
adapted from [S9].

presence of circularly polarized light may disrupt the estimation of the first Stokes parameter. However,

this is not critical for some applications, e.g., Earth observation, where the amount of circularly polarized

light is negligible.

2.3.2 Design and numerical optimization

2.3.2.1 Effective medium theory

The effective medium approximations, introduced in Section 2.1.2, can be used to calculate the effective

refractive index =eff and, subsequently, the optical length of the resonator !, which defines the behavior

of the FP resonator. Instead of the relatively complex numerical simulations and expensive computational

resources, one can predict the spectral position of the peak. However, as mentioned in Section 2.1.2, the

effective medium theory has certain size restrictions, which are tested here.

In this particular case, Si polarization-insensitive nanostructures are embedded in glass, which has a

lower refractive index; see Appendix A for Si dispersion parameters. The diameter of the Si nanostructures

is gradually increased. If the period is fixed, as in this case at % = 500 nm, this subsequently leads to an

increase of the filling factor 5 . At each value, the effective refractive index is calculated using the Maxwell

Garnett formulation, see Equation 2.18, and the Bruggeman formulation, see Equation 2.23. In addition,

full-wave simulations are used (FDTD, Lumerical). As indicated in Figure 2.16, the effective index using
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Figure 2.16: Effective medium theory limits with respect to numerical simulations. The effective index calculated by
Maxwell Garnett effective medium theory is depicted by the blue dotted line, Bruggeman – the brown dashed line.
The numerical simulations are done using FDTD method; see the red solid line. The areas outside of refractive index
boundaries (from refractive index of SiO2 to Si) are indicated by the grey shaded areas.

effective medium theories fits well to the numerical simulations only up to 5 = 0.1, which is equal to

nanostructures with diameter of � = 180 nm in an array with period of % = 500 nm.

The limit means the effective medium theory can be used to some extent but with certain precautions.

For larger filling factor, 5 > 0.1, the effective medium predictions can be used, but are no longer accurate,

as the error (shift) of the wavelength Δ_ directly relates to the error (difference) of the refractive index Δ=:

_0 +Δ_ ∝ =eff +Δ=, (2.39)

where = is the refractive index predicted by effective medium theory.

2.3.2.2 Design considerations

The nanostructure-modulated FP-based spectropolarimeter design was based on the requirements of the

spectropolarimeter for planetary exploration (SPEX) [230]. For initial selection of the FP parameters, the

effective medium theory was used, but to enable the highest accuracy, the final design is carried out using

numerical methods.

Similar to the previous design with Ag mirrors, the design of the spectropolarimeter starts from the

mirrors. Thus, an important aspect is the spectral width of the FP resonance, which relates to the spectral

resolution of the system. Following the assumption that both mirrors have the same reflectivity ', the

FWHM is defined by Equation 2.8, which notes that the higher the reflectivity, the higher the spectral

resolution. In order to obtain high spectral selectivity, distributed Bragg reflectors (DBRs) are used. In

theory, if the DBR layers are made of lossless materials, there is no strict limitation to the number of layers

and, subsequently, the FWHM [231]. However, here, the DBRs are restrained to 7 pairs of alternating

SiO2 (= = 1.45) and TiO2 (= = 2.285 [232]) layers, with a reflection band centered at _ = 1500 nm. This

configuration results in a reflectance of ' ≈ 99.5% and FWHM ≈ 1 nm (resonator quality factor & > 1000).

The mirrors are separated by an optical length ! equal to the central wavelength of _ = 1500 nm. The

physical length of the resonator was set to !0 = 985 nm.
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Arrays of polarization-sensitive Si nanostructures were constructed from amorphous hydrogenated Si

(a-Si:H), which has a high refractive index and negligible intrinsic losses (= = 3.7 and : = 0 at _ = 1500 nm).

The nanostructures were placed in the middle of the FP resonator in order not to alter the performance of the

mirrors. SiO2 (= = 1.45) was selected as the low-index material of the resonator. The control of the central

wavelength _0 for G- and H-polarization is done by changing the diameter along the G-axis for two different

cases: a polarization-sensitive inclusion and a grating; see Figure 2.17(a) and Figure 2.17(b), respectively.

Regardless of the shape of the nanostructures inside the resonator, their optical size has a restriction to

be smaller than the wavelength _ = 1500 nm, such that the nanostructures are non-resonant and provide

transmission close to unity.
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Figure 2.17: Spectral positions of transmission peaks for G and H polarization states as a function of width �G of the
inclusions. (a) The case of an array constituted of elliptical nanostructures with �H = 250 nm, while �G was varied
from 0 nm to 500 nm. (b) The case of a linear grating with its width varied from 0 nm to 500 nm (equal to period %).
The maximum separation of the peaks is 127 nm. The figure is adapted from [S9].

The optimal nanostructures were defined as extruded ellipses with a specific diameter along the G-axis

�G , diameter along the H-axis �H, and height �. The nanostructures were distributed in a square lattice

with a period of % = 500 nm. The height of the nanostructures was set to � = 300 nm. The diameters of the

elliptical nanostructures, �G and �H, were optimized in the range of 140 – 360 nm to obtain three spectral

bands centered at the following wavelengths: _1 = 1480 nm, _2 = 1500 nm, and _3 = 1520 nm. Moreover,

to remove a transmission peak in the matrix, as mentioned in Section 2.3.1, one of the pixels with elliptical

Si nanostructures was replaced by a subdiffractive linear Si grating. The grating is defined with an infinite

aspect ratio, meaning a certain width of �G , but �H =∞. The results of the final design are compared to the

experimental demonstration in the following section.

2.3.3 Experimental realization

2.3.3.1 Fabrication

The sample fabrication was carried out in several steps: the deposition of the bottom mirror, the structuring

of the resonator, and the deposition of the top mirror. Here, each step will be presented in detail, highlighting

the challenges faced.
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First, the bottom mirror was constructed by alternating SiO2 and TiO2 layers. The layers were de-

posited on top of a glass substrate by plasma-ion-assisted deposition (PIAD) [231]. In total, seven pairs

of SiO2/TiO2 layers were deposited for high reflectivity at _ = 1500 nm; see Figure 2.18. The thicknesses

of the layers were initially calculated as quarter-wavelength layers, but later tuned to C1L = 320 nm and

C1H = 120 nm for SiO2 and TiO2, respectively, to reduce the thickness of TiO2 layers in an attempt to avoid

its polycrystalline growth, thus retaining smooth surfaces with low scattering and absorbtance [233].
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Figure 2.18: Reflectivity of the fabricated mirrors and their impact on the FP resonance. (a) Measured reflectance
of the bottom and the top DBRs. Bandwidth and reflectance in the spectral range of interest are highlighted. Due
to the mismatch of mirrors, the bandwidth is smaller than of an individual mirror. (b) Simulated central positions of
the FP resonance depending on the effective length of the resonator, when different mirrors are used: ideal (_/4, for
1500 nm), and fabricated. For comparison, a dashed line represents a case for which mirrors and effective length of
the resonator are _/4 and _/2, respectively. The figure is adapted from [S9].

The nanostructures were made from a 300 nm layer of a-Si:H, deposited by plasma-enhanced chemical

vapor deposition (PECVD) using SiH4 gas as a source (Oxford Plasmalab 100 Dual Frequency, Oxford

Instruments). Afterward, a 30 nm Cr layer was deposited by ion beam deposition (Oxford Ionfab 300,

Oxford Instruments), and a 100 nm layer of electron beam resist (EN038, Tokyo Ohka Kogyo) was spin-

coated on top. The sample was exposed by a variable-shaped EBL system (Vistec SB 350, Vistec Electron

Beam). First, the resist was developed, and the mask was transferred in the Cr layer by ion beam etching

(Oxford Ionfab 300, Oxford Instruments). Then, the Cr mask was transferred in the Si layer by inductively

coupled plasma reactive ion etching (SI-500 C, Sentech Instruments) with CF4 as the reactive gas. Finally,

the remaining resist and Cr mask were supposed to be removed by acetone and Cr etchant. But eventually it

turned out that some Cr mixed with resist and was not fully removed, as indicated in the colored SEM image

in Figure 2.19(a). Cr has a high absorption (= = 3.675 and : = 4.072 at 1500 nm [234]). Thus, any amount

of it in the resonator is undesirable. As determined by simulating Cr inclusions, the Cr volume of 0.3%

of the total resonator volume already decreases the amplitude of the resonant peak to 55%. A bit higher

concentration completely destroys the resonance; see Figure 2.19(b,c) for the transmittance and the FWHM

dependence on Cr volume inside the resonator. For comparison, Si nanostructures constitute around 6% of

the total resonator volume.

The nanostructured Si was embedded in a SiO2 layer by ALD at a low growth rate of 1.19 Å/cycle,

ensuring an air-gap-free resonator (Silayo ICP 330, Sentech Instruments). The Si nanostructures induce

waviness in the upper layers; see Figure 2.20(a). Thus the embedding layer was planarized by ion-beam
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Figure 2.19: Impact of resonator contamination with Cr. (a) Colored SEM image of the horizontal cross-section of
a single elliptical nanostructure inside the resonator. Si is red, SiO2 is grey, and Cr is yellow. (b) Simulated relative
peak transmittance (intensity) as a function of the volume of Cr in the resonator. Cr is considered elliptical for the
simplicity of the model. (c) Simulated relative peak width (FWHM) as a function of the volume of Cr in the resonator.
Dotted line highlights anticipated value. The figure is adapted from [S9].
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Figure 2.20: Impact of top mirror waviness. (a) Colored SEM image of a vertical cross-section of a single high-index
DBR layer. TiO2 is blue, SiO2 is grey. The uneven surface can be described as sinusoidal surface with �w = 15 nm.
The scale bar is equal to 100 nm. (b) Simulated relative peak transmittance (intensity) as a function of waviness
amplitude. (c) Simulated relative peak width (FWHM) as a function of waviness amplitude. Dotted line highlights
anticipated value based on experimentally obtained �w = 15 nm. The figure is adapted from [S9].

etching (Oxford Ionfab 300, Oxford Instruments). The waviness was reduced to �w = 15 nm, which is

significantly less than the operating wavelength and is not expected to deter the performance of the FP

resonator; see Figure 2.20(b,c) for the transmittance and the FWHM dependence on Cr volume inside the

resonator. During the process, the physical length of the resonator was reduced to !0 = 910 nm; thinner

than the original design value with !0 = 950 nm.

Before the deposition of the top mirror, the SiO2 cladding surface was pre-treated with Ar-ion plasma

to create chemically active sites for better cross-link [235]. Similarly to the bottom, the top mirror was opti-

mized for high reflectivity at _ = 1500 nm. However, due to different deposition conditions, the thicknesses

changed. In particular, the top DBR was constituted of 7 pairs of SiO2 and TiO2 layers with thicknesses of

C2L = 250 nm and C2H = 170 nm, respectively, and the last layer of SiO2 set to 100 nm. Because of the dif-

ferent thicknesses, the reflection band of the top mirror shifted, but high reflectivity ' ≈ 98%, comparable
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to the initial design in the spectral range of interest, was still maintained, see Figure 2.18.

2.3.3.2 Characterization

Despite the complex fabrication, the designed FP resonators were successfully obtained. Their performance

will be presented and compared to the numerical data.

First, vertical and horizontal cross-sections of the fabricated spectropolarimeter were obtained using

FIB-cut and SEM; see images in Figure 2.21. The total thickness of the optical device is found to be only

7 µm. The horizontal cross-sections of all pixels (P1, · · · ,P6) were imaged to evaluate the sizes of the

nanostructures; see Figure 2.22. All nanostructures had a height of � = 300 nm, but varied in diameters,

�G and �H. The measured transverse dimensions of the nanostructures are provided in Table 2.1. As can be

seen from the standard deviation of the measured diameters f, the proximity effect during electron beam

exposure leads to certain errors. However, the error is homogeneously distributed in the whole measured

area of 20×20 µm2.
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Figure 2.21: Exemplary pixel from the fabricated spectropolarimetric system: (a) side view, (b) top view. Colored
SEM images of vertical and horizontal cross-sections of a pixel based on a FP resonator modulated by an array of
Si nanostructures. Si is colored red, TiO2 – blue, SiO2 – grey. Si nanostructures are defined by their height � and
diameter in G and H axis (�G and �H , respectively), and are distributed in a square lattice with a period %. Scale bars
are equal to 500 nm. The figure is adapted from [S9].

The spectral measurements of the fabricated sample were carried out using a broadband halogen lamp

(SLS301, Thorlabs). Its light was delivered to the sample via an optical system as a plane-wave illumination.

A linear polarizer was mounted on a rotational stage (PR50CC, Newport) in front of the sample to control

the incident light polarization. The sample was positioned, and the position angle was calibrated using a

5-axis positioning system (Aerotech). The transmitted light was collected via 20 µm aperture and a lens

system to an optical spectrum analyzer with subnanometer spectral resolution (AQ6370B, Yokogawa). The

measured transmittance of the six individual pixels, constituting elements of the super-pixel configuration,
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Figure 2.22: Set of the fabricated spectropolarimeter pixels and their examplary distribution. SEM images of horizon-
tal cross-sections of all pixels (P1, · · · ,P6) show cuts 3×3 from the full arrays. Si is colored red; scale bars are equal
to 500 nm.

Table 2.1: Measured transverse dimensions (�G,H ±f) of Si nanostructures in the set of 6 pixels (P1, · · · ,P6) and
measured central wavelengths of their transmission peaks for G and H polarization.

�G , nm �H, nm _G , nm _H, nm
P1 335±8 145±6 1463 1431
P2 202±5 282±5 1445 1462
P3 162±4 247±4 1430 1446
P4 145±6 335±8 1431 1463
P5 282±5 202±5 1462 1445
P6 - 134±5 - 1432

as shown in Figure 2.22, is presented and compared to simulations in Figure 2.23.

The measured peaks have an excellent agreement with the simulation results regarding their central

wavelengths. Considering the reduction of the resonator length compared to the initial design, the antici-

pated spectral positions of the peaks blue-shifted to _1 = 1430 nm, _2 = 1446 nm, and _3 = 1462 nm. The

central wavelengths of the measured peaks are given in Table 2.1, the standard deviation being less than

1 nm. Moreover, the measured peaks reach a transmission of 46%, while the simulated peaks are close

to 92%. The width of the measured peaks are slightly broader, in average FWHM = 3.6 nm compared

to FWHM = 1.6 in the case of the simulation. Such behavior is induced by the Cr-contamination of the

resonator, as discussed in Section 2.3.3.1.

Now, in order to estimate the performance of the pixels, three spectral bands were selected, as described

in Section 2.3.1. Since the FP resonances are of a Lorentzian-shape with long tails, they were spaced

Δ_ = 16 nm apart to minimize the cross-coupling. Accordingly, the three spectral bands of the system were:

1422–1438 nm, 1438–1454 m, and 1454–1470 nm. As can be seen in Figure 2.23(b), the measurements

have a high noise floor, which comes from the detector of the spectrometer and is not inherent to the

fabricated structures. Thus, prior analytical knowledge is used. Instead of the noisy measurement, the

intensity for a given band and polarization state is computed from its Lorentzian fit. As demonstrated later,

this enables a significant reduction in noise.
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Figure 2.23: Pixels and their transmission spectra. (a) Simulated transmission of 6 pixels, introduced in Figure 2.15,
with Lorentzian peaks centered at 1430 nm, 1446 nm, and 1462 nm and distributed in 3 spectral bands of Δ_ = 16 nm.
(b) Measured transmission of the corresponding pixels. Spectra for G-polarized light are shown in solid lines, for
H-polarized – dashed lines. The figure is adapted from [S9].

The elements of the reconstruction matrix, Equation 2.35, are then obtained using the following integral:

U =

∫ _max

_min

)?>; (_)3_, (2.40)

where _min and _max are the boundaries of the spectral band, and )pol(_) is the transmittance of a pixel

for a given polarization state. Computing these integrals for the measured data at all spectral bands and

polarization states results in the following matrix:

� =



0.017 0.076 2.002 2.229 0.112 0.021

0.170 2.457 0.124 0.029 0.136 2.478

2.877 0.160 0.034 0.147 2.577 0.126

2.229 0.112 0.021 0.017 0.076 2.002

0.029 0.136 2.478 0.170 2.457 0.124

0 0 0 2.432 0.239 0.042



. (2.41)
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2.3.3.3 Performance analysis

In order to assess the performance of our spectropolarimeter, it is important to look at the noise propagation

through the system. This allows the estimation of the SNR of measured Stokes parameters as a function

of the sensor pixel SNR. For this analysis the condition number : (�) is used, since it is a measure of the

sensitivity to variations for a standard system of equations �x = b. The condition number : (�) is defined

as:
| |Xx| |
| |x| | = : (�) | |Xb| || |b| | , (2.42)

where Xx and Xb are small variations on the corresponding vectors x and b. A common way to compute

the condition number of matrix �, is to take the ratio of the largest singular value and the smallest singular

value of the matrix �. As can be seen from Equation 2.42, the condition number : (�) expresses the

proportion between any variation of the known vector b and the unknown vector x. Thus, in the presented

system, it relates the noise of the measured intensities (shot noise, read-out noise, etc.) to the noise of the

reconstructed intensities. Using the relation between the polarized intensities and Stokes parameters, the

expected value and standard deviation of the reconstructed Stokes parameters can be derived as [S9]:

E((̃0) = (0, E((̃1) = (1, E((̃2) = (2, (2.43)

f((̃0) =
(
: (�)
SNR

)
, f((̃1) =

√
2

(
: (�)
SNR

)
, f((̃2) =

√
2

(
: (�)
SNR

)
. (2.44)

As can be seen, the reconstruction method is bias-free because the expected values are equal to the true

values. Note that the standard deviation of (̃0 is smaller than of other Stokes parameters since (̃0 is measured

twice, according to Equation 2.36. Since the standard deviation is inversely proportional to the SNR, it

reduces by a factor of : (�) after reconstruction. The matrix, shown in Equation 2.41, has a condition

number of : (�) = 8.43. Thus the noise in the reconstructed signal will be increased by at most this factor.

For comparison, ideally, with U6
G = 0 and U_? = 1, one obtains : (�) = 8.0552.

Next, we will shortly compare the performance to other systems, e.g., the polarimeter reported in ref-

erence [71], which uses a metasurface as a polarization-sensitive lens. There, the different polarization

states are focused on different parts of the sensor. Even though that system has a condition number of

: (�) = 3.6581, the metasurface is spatially distanced from the sensor by a focal distance, making its inte-

gration difficult. Another example is the spectropolarimeter from reference [80], which achieves a condition

number of : (�) = 2.082. However, an external spectrometer is needed in their setup. Despite the higher

condition number, our nanostructure-modulated spectropolarimeter can be directly integrated on top of a

sensor. Furthermore, it does not require external devices, resulting in a very robust and compact system.

Another factor that has to be taken into account is the shot noise. It depends on the total number

of photons reaching the detector #phot. In particular, the SNR of a shot-noise limited pixel is given by:

SNRshot =
√
#phot. A transmission of 50% means that the number of photons that reach the detector is

reduced by a factor of 2. Thus the SNR drops by a factor of
√

0.5. Therefore, a demonstrated system would

have SNR reduced by -1.681 dB compared to an ideal system. However, the effect of lower transmission

can be partially reduced by measuring longer, increasing the detector’s integration time.
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2.3.4 Specifications

2.3.4.1 Polarization rotation

In addition to the optical response to the inputs of G and H linear polarization states, the optical response

was measured in dependence on the polar angle q. Two different peaks centered at _G and _H are produced

for the aforementioned G and H polarization, while the maximum transmittance of the peaks is a functions

of the polar angle q. As can be seen from Figure 2.24, the peak transmittances at _G and at _H follow the

analytically predicted cos2 q and sin2 q functions, respectively.
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Figure 2.24: Spectral response dependence on polar angle q. Normalized measured intensity at _G and _H as a
function of polarization angle q in case of arbitrarily selected pixel with nanostructure inclusion. The intensity follows
analytically predicted cos2 q and sin2 q functions, respectively. The figure is adapted from [S9].

2.3.4.2 Angle tolerance

Next, we analyze how the transmittance behaves with increasing angle of incidence \. This is of particular

importance, as multi-layer systems are known for high angle dependence. In Figure 2.25, a blue-shift of

the spectral peak is observed with the increase of the incidence angle \ in G-axis with respect to the surface

normal for G- and H-polarization. Quantitatively similar results were observed for all of the pixels.

During the device implementation, the chief ray angle of the imaging optics must be taken into account.

For a conventional optical system, this angle will increase radially from the center to the detector edge.

The increasing incident angle leads to the blue-shift of the transmission peaks, as shown in Figure 2.25.

However, this spectral shift can be compensated by the proportional scaling of the effective resonator length

!, e.g., by scaling the size of the high-index inclusions [224]. Furthermore, a telecentric optical system can

be used instead. Then, the chief ray angle is constant over the entire detector; thus, no blue-shift occurs.

Also, a system with a low NA is recommendable since a high NA will increase the transmission peak

width [191], thus reducing the spectral resolution of the system.

The presence of a focused beam may also influence the polarization reconstruction. When a linearly

polarized beam is focused by an optical system, some of the light will become cross-polarized [236, 237].
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Figure 2.25: Spectral response dependence on incident angle \. Blue-shift of the central wavelength of the peak _c

for G- and H-polarization in case of an empty resonator. Simulations are shown in solid and dashed lines, while blue
and red squares depict experimental points. The experimental points were measured in the first quarter, from 0◦ to
90◦ degrees and symmetrically replicated to other quarters. The figure is adapted from [S9].

From these considerations, it can be concluded that in order to minimize this effect, a telecentric and low

NA optical system should be used.

2.3.4.3 Maximum bandwidth

The total bandwidth of the system is defined as the spectral distance of the nearest resonance. It is an impor-

tant parameter for the imaging applications of interest as well [230]. As mentioned before, the bandwidth

of the presented spectropolarimetric system depends on the reflection band of the mirrors and the maximum

separation of the transmission peaks. The relative bandwidth of a DBR-mirror using quarter-wavelength

sections is described by [238]:
Δ 5

50
=

4

c
arcsin(d), (2.45)

with d being the Fresnel reflection coefficient. From this equation, it is clear that the mirror bandwidth

depends only on the difference between the refractive indices of the two materials used in constructing

DBRs. In our case, the mirrors limit the bandwidth to roughly 400 nm; see Section 2.3.2. However, using

more advanced mirror designs [239], it is possible to obtain a wider reflection band. Therefore, bandwidth

limitations due to the mirrors can be mitigated.

Thus, in practice, the total bandwidth is limited by the maximum achievable separation of two linear

polarization peaks. This separation between the peaks ultimately determines the maximum achievable total

bandwidth of the system, since one of the transmission peaks has to be outside of the reconstruction bands.

As illustrated in Section 2.3.2, in our design the maximum separation of the two peaks is equal to 127 nm. It

can be achieved with a subdiffractive grating of 200 nm width. This results in one row of the matrix having

only one peak, which is the necessary condition for the spectropolarimetric retrieval. Hence, the maximum

number of bands can be computed using:

# =

⌊
BW

Δ_

⌋
−1, (2.46)
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where BW is the total bandwidth of the system, and Δ_ is the width of a single spectral band.

2.3.4.4 Spectral resolution

In the spectropolarimetric system, the spectral positions and the width of the spectral bands have to be

chosen carefully for the best performance. By decreasing the width of a spectral band one can increase the

number of total spectral bands and, subsequently, the spectral resolution. However, as shown in Figure 2.26,

reducing the width of spectral band Δ_ below the FWHM increases the condition number and, in turn,

decreases the SNR of the system. The increase of the condition number : (�) can be attributed to the

spectral overlap of the neighboring peaks. This translates to smaller differences between the rows of the

reconstruction matrix, making equations more linear dependent. It is recommended to use Δ_ = FWHM,

limiting the spectral resolution to the FWHM.
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Figure 2.26: Condition number : (�) of 3 bands versus spectral resolution. Condition number : (�) of reconstruction
matrix is shown in cases of different ratios between the single bandwidth Δ_ and the transmission peak width FWHM,
assuming Lorentzian-shape peaks. The figure is adapted from [S9].

2.3.5 Extended design considerations

Using the design limitations discussed before, meaning the maximum bandwidth of 127 nm and and spectral

resolution of 1 nm (Δ_ = FWHM), one can consider an ideal spectropolarimetric sensor with 126 bands

(42× 3). Then, as described in the Section 2.3.1 for the system to be able to retrieve the first three Stokes

parameters ((1, (2, (3), it would have to consist of 504 pixels in total. Such a system would have a condition

number of 14.57; see [S9] for more details.

For implementing the presented nanostructure-modulated FP-based spectropolarimetric system in an

actual imaging device, telecentric optics are recommended. The measured wavelengths will vary along the

image plane. An optical system with a low NA is also recommended if narrow peak widths are required

since higher NA will increase the peak width of the transmission peaks [191].

Since our system effectively uses 4 pixels per spectral band, the spatial resolution is equal to a quarter of

a standard spectral system (1 pixel per spectral band). This is also in accordance with a typical spectropo-

larimeter where 4 pixels are used to determine the polarization state. The reduction in spatial resolution

arises from an increased amount of obtained information per spatial location while keeping the number
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of pixels on the detector fixed. This factor is independent of the presented system and will occur for any

spectropolarimetric system.

2.4 Chapter summary

The key idea of the Chapter 2 was to prove that FP resonators can be tailored by using high index dielectric

nanostructures as inclusions. In particular, the nanostructures were used to modulate the effective index of

the cavity and tailor the FP resonator. The phenomena were successfully applied to create filters for blood

oxygen sensing and the conceptual demonstration of a spectropolarimeter.

The first part of Chapter 2 presented ultra-thin polarization-insensitive FP filters for biomedical appli-

cations. A multispectral performance was demonstrated, while the filters were optimized for the highest

SNR in two spectral bands for blood-oxygen sensing. Even though similar FP systems have been presented

before [70, 76, 87–89, 91, 92], they were not optimized towards the indicated biomedical application. Here,

it was also demonstrated how usually the unwanted error of using nanostructures inside a cavity – uneven

layer due to varying filling factors – could be utilized to increase the spectral bandwidth by a factor of 2. The

numerically optimized filters were fabricated and integrated on an actual CMOS sensor, proving that the

nanostructured FP resonators can be implemented in a real optical device. Despite the lower transmission

in the fabricated samples, the results are sufficient for conceptual demonstration.

The second part of Chapter 2 shows the feasibility of a planar spectropolarimeter. As a proof of concept,

a set of 6 pixels with transmission peaks of 50% and FWHM = 3.6 nm is experimentally demonstrated .

The peaks were separated into three spectral bands with Δ_ = 16 nm and sorted by their polarization state.

Using the measured data in the reconstruction matrix, a condition number of : (�) = 8.43 is obtained,

which is extremely close to the theoretical limit of : (�) = 8.06. Finally, the design could be scaled to other

spectral ranges by changes in material selection, e.g., using TiO2 instead of Si in the visible spectral range

to minimize intrinsic losses. Using several different cavities at once, this would allow a broadband sensor.

The system would also benefit from a more anisotropic inclusion inside the cavity in place of the grating to

increase the bandwidth. Finally, the system could be extended with additional layers of retarders to enable

the measurements of circularly polarized light, allowing the retrieval of the full Stokes vector.

The results on polarization-insensitive FP filters with Ag mirrors and TiO2 nanostructures (for blood-

oxygen sensing), discussed in Section 2.2, are in the process to be published at the time of writing this

thesis [S11]. The concept of spectropolarimeter with DBRs and embedded polarization-sensitive Si nanos-

tructures, presented in Section 2.3, is patented [T1], while the experimental demonstration is published in

Optics Express [S9].



Chapter 3

Laser-induced tailoring and structuring of

metasurfaces

Nanostructure-based systems have a great potential to be implemented in optical systems, as shown previ-

ously. However, optically resonant metasurfaces often remain inferior to their conventional counterparts not

just because of the performance but also because of the size-limited and complex fabrication [98]. Hence,

for metasurface-based elements to be applied in mass-production devices, it is necessary to create new

fabrication techniques or significantly improve the existing ones, which is the goal of Chapter 3.

In the first part of this chapter, Section 3.1, a complementary technique for post-processing of large-area

metasurfaces is presented. The method is based on ultrashort laser pulses with a duration of gp ≤ 10 ps,

which are used to induce local functionalities within or even beyond the capabilities of the conventional

two-dimensional fabrication. It will be demonstrated how the resonant behavior of the preprocessed di-

electric metasurface elements can be exploited to engineer a specific absorption profile, which leads to

a spatially-selective heating and a customized modification. In particular, two different photothermal ef-

fects, crystallization and reshaping, are utilized, while localizing the heat with a tightly focused laser beam.

Two distinct study cases will be explicitly demonstrated: first, a spatial pixelation of a large-area metasur-

face and, second, a height modification of metasurface elements, demonstrating the potential to reduce the

complexity in the fabrication of non-uniform metasurface-based optical elements, which is otherwise quite

expensive and complex task.

The second part of this chapter, Section 3.2, introduces a technique for the fabrication of Mie-resonant

metasurfaces. Here, single-pulse laser interference is used for direct patterning of a homogeneous amor-

phous Si film into an array of Mie resonators with a few hundred nanometers in diameter. The proposed

technique is based on laser-interference-induced dewetting. Precise control of the laser pulse energy enables

the fabrication of ordered dielectric metasurfaces in areas spanning tens of micrometers and thousands of

hemispherical nanoparticles with a single laser shot. The fabricated nanoparticles exhibit a wavelength-

dependent optical response with a strong electric dipole signature. Variation of the predeposited Si film

thickness allows tailoring of the resonances in the targeted visible and infrared spectral ranges.

The results presented in Section 3.1 and Section 3.2 were successfully published in Optics Express [S8]

and ACS Nano [S10], respectively.
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3.1 Photothermal tailoring of metasurfaces

An intriguing way to obtain non-uniform metasurfaces is using laser-induced thermal effects [117], where

a lithographically preprocessed uniform metasurface is locally modified by laser irradiation, as illustrated

in Figure 3.1(a,b).
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Figure 3.1: Illustration of laser-induced tailoring of amorphous Si metasurfaces using a pulsed laser. (a) Spatial
positioning of a focused laser beam. Sufficient pulse energy results in a phase change; at higher temperatures, the
material melts. Metasurface elements are defined by diameter �, height �, and period %. (b) Spatially-selective
heating engineered by electromagnetic field distribution in the metasurface elements and the material absorption.
Different regimes: (I) high absorption at high-order resonances, _ ≪ =�, with hotspot at the top, resulting in height
increase, �1 > �; (II) high absorption at fundamental resonances, _ ≈ =�, with a hotspot in the center and reshaping
towards global lowest energy surface; (III) non-absorptive and non-resonant regime, _ ≫ =�. The figure is adapted
from [S9].

In this section, laser-induced thermal effects are utilized for flexible and large-scale post-processing of

dielectric metasurfaces. In particular, laser irradiation is used to locally modify (pixelate) nanostructure-

based transmissive spectral filters. Moreover, the spatial selectivity is used to obtain an additional degree of

freedom in the spatial control of Si metasurface elements. The laser-matter interaction is investigated em-

ploying geometry analysis, linear and Raman spectroscopy, and complemented by numerical simulations.

The use of ultrashort pulses is shown as a promising complementary technique for dielectric metasurfaces

beyond the limits of planar fabrication, thus opening new possibilities in the field of nanophotonics.

3.1.1 Photothermal effects

3.1.1.1 Spatially-selective absorption

Laser-induced thermal effects depend on many different parameters: the optical and thermal properties of

the target material, the environment it is being modified in, and the parameters of the irradiation source

such as spectrum, pulse duration, spatial energy distribution, and energy density [156, 240]. In addition,

nanostructured materials tend to obtain wavelength-dependent optical properties. Si nanostructures, as well

as other high-index nanostructures, possess strong fundamental ED and MD resonances at the wavelengths

close to their optical size, _ ≈ =� [8]. Furthermore, higher-order resonances appear at shorter wavelengths,

_≪ =�. Each resonant mode is associated with a particular electromagnetic field distribution in the nanos-

tructure volume, thus enabling a spatial control of energy dissipation. If accounted for, this provides an

additional degree of freedom in post-processing of the uniform dielectric metasurfaces.
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The investigation of laser-induced tailoring is based on Si metasurfaces fabricated from a thin film of

amorphous Si on top of a glass substrate; see Appendix A for dispersion parameters. Using EBL and reac-

tive ion etching, the film was structured into polarization-insensitive disk-shaped nanostructures, illustrated

in Figure 3.1. Multiple metasurfaces were fabricated with adiameter of their elements � varying from

55 to 165 nm, a period % ranging from 200 to 300 nm, and a height � fixed at 175 nm. The diameter

variation within the given range results in metasurfaces with their fundamental ED and MD resonances in

the visible spectral range; as seen in the transmission spectrum in Figure 3.2(a). Furthermore, a metasur-

face with the following parameters was investigated: a diameter � = 560 nm, a period % = 794 nm, and a

height � = 220 nm, which results in the fundamental resonances in infrared spectral range; see transmission

spectrum in Figure 3.2(d).
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Figure 3.2: Optical response of Si metasurfaces before the photothermal treatment. (a) Measured transmittance of
Si metasurface with ED and MD resonances in the visible region (� = 140 nm, % = 250 nm, � = 175 nm). (b,c)
Calculated absorption profile at the cross section of an element of metasurface from (a), when irradiated at: (b)
_ = 532 nm, (c) _ = 640 nm. (d) Measured transmittance of Si metasurface with ED and MD resonances in the
infrared (� = 560 nm, % = 794 nm, � = 220 nm). (e,f) Calculated absorption profile at the cross section of an element
of metasurface from (d), when irradiated at: (e) _ = 532 nm, (f) _ = 1400 nm. The insets in (a,d) show colored SEM
images of the respective samples, the scale bars are equal to 500 nm. The figure is adapted from [S9].

For the post-processing, first, an overview of the linear optical properties of pre-processed samples is

obtained to estimate their influence on the process. In Figure 3.2, one can note measured transmission

spectra and calculated spatial distributions of absorption for two optically distinct Si metasurfaces. In

particular, in Figure 3.2(a), the transmission spectrum is shown for a metasurface with its resonances in the

visible spectral range (� = 140 nm, % = 250 nm, � = 175 nm). The transmittance minimum denotes the

resonances at _ = 640 nm, which is associated with the closely spaced ED and MD resonances [S4]. In

order to gauge how the laser energy could be deposited in the metasurface elements, the spatial distribution

of the absorbed laser power is calculated at the wavelength of irradiation _; see Figure 3.2(b). As the

irradiation wavelength is spectrally close to the fundamental dipolar resonances, the largest absorption is

observed in the middle of the nanostructure. For comparison, irradiation directly at the resonance would
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yield a qualitatively comparable energy distribution, as shown in Figure 3.2(c). However, a somewhat

different behavior is found in the metasurface, which has its fundamental ED and MD resonances in the

infrared (� = 560 nm, % = 794 nm, � = 220 nm), as shown in the transmittance in Figure 3.2(d). Here,

the fundamental resonances and the excitation wavelength _ = 532 nm are further apart, with the latter

coinciding with a high absorption range and higher-order optical resonances. As shown in Figure 3.2(e),

this leads to absorption primarily at the top of the nanostructure. This is substantially different from the

previous case and the excitation at the fundamental resonances, presented in Figure 3.2(f).

Our simulations indicate a spatial control of the onset of the laser-induced thermal effects. The optical

simulations were carried out by FDTD; see details in Section 3.1.2. The absorbed power at the cross-

sections of the metasurface elements shows distinct hot-spots, where the material threshold �0 is reached

first, inducing the anticipated modification. The smallest spatial scale of thermal effects is estimated by the

thermal diffusion length [135]:

!th ∝
√

2Ugp, (3.1)

where gp is the laser pulse duration, and U is the thermal diffusivity. The thermal diffusivity is calculated

as U = :/(d2p), where : is the thermal conductivity, d is the density, and 2p is the specific heat. As noted

in Equation 3.1, the length-scale is directly related to the pulse duration; the longer the duration, the larger

the thermal diffusion length. Thus, a laser source is chosen with relatively short pulses, gp = 10 ps. Using

a single pulse, this allows a spatial resolution as high as 4 nm, considering that amorphous Si has the

density of d = 2280 kg/m3, specific heat of 2p = 880 J/(kg K), and a relatively low thermal conductivity of

: = 1.8 W/(mK) [241, 242]. In contrast, a longer duration of operation, e.g., using nanosecond pulses or a

CW irradiation would induce heat penetration throughout the whole Si nanostructure without the possibility

to obtain small features.

3.1.1.2 Laser damage threshold

Next, an experimental study is performed to find the laser damage threshold �th for the thermal modifica-

tions to take place. It is known that the fluence threshold of homogeneous amorphous Si thin-films using a

Gaussian laser beam is in the range from 100 to 220 mJ/cm2 [243–246]. However, there was no in-depth

investigation in the case of metasurfaces of Si or any other materials, especially considering their geometry.

To experimentally determine the laser damage threshold �th, each investigated metasurface was irradi-

ated with a set of laser pulses and a step-wise increase of the pulse energy. At each step, the diameter of the

modified area 3 is measured from the SEM images. It is considered that the modification is either intrinsic

if the nanostructure is heated above the crystallization temperature )c, or shape-related, if the temperature

gets close to or above the melting temperature )m. Using the measurements, the threshold �th can be cal-

culated from the well-defined relation between the diameter of the modified area 3, and the energy density

� [247]:

32
= 32

spot ln (�/�th), (3.2)

where 3spot is the laser spot diameter.

The obtained threshold �th values are plotted against the diameter to period ratio �/% for all of the
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investigated samples; see Figure 3.3(a). Here, the threshold of Si metasurface �th is found to be similar or

smaller than the damage threshold of a homogeneous Si thin film [243–246]. Moreover, if normalized to the

metasurface absorption at _ = 532 nm, the obtained threshold values follow a linear trend; see Figure 3.3(b).

This is linked to the material surface to air ratio and the high index contrast to the environment. The obtained

dependence on the diameter to period ratio �/% helps to predict the required energy for precise tailoring of

the nanostructured samples.
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Figure 3.3: Energy density threshold of Si metasurfaces vs diameter to period ratio: (a) calculated from measured data,
according to [247], (b) same values, but normalized to the absorption of the corresponding samples at _ = 532 nm.
The samples are color coded by their period %: 200, 220, 250, 300, and 794 nm. The threshold grows with the size of
the metasurface elements. The dashed line represents a linear fit of the normalized experimental points. The figure is
adapted from [S9].

3.1.2 Methods

3.1.2.1 Experimental setup

As the irradiation source, a high peak power picosecond laser (Ekspla) was chosen. The laser has a pulse

duration of gp = 10 ps, and a pulse repetition rate up to h = 1024 kHz. The fundamental wavelength _ =

1064 nm was transformed into a second harmonic with wavelength _ = 532 nm in the resonant spectral range

of the investigated samples and the high-absorption of amorphous Si. The diameter of the Gaussian-shape

laser beam was 31 = 5 mm, as measured at 1/42 level of intensity. The laser beam was focused by a 5 =

50 mm lens into a spot-size of 3spot = 5.6 µm, calculated by the pulsed beam spot-size measurements [247].

The samples were positioned by a high-precision multi-axis stage (Aerotech). The experiments were carried

out in ambient conditions.
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3.1.2.2 Sample characterization

The spectral analysis was done with a plane-wave illumination using an inverted optical microscope system

(Axio Observer D1, Carl Zeiss) with an integrated broad-band VIS/IR imaging spectrometer (iHR320,

Horiba). In addition, SEM images were taken (Helios NanoLab G3 UC, FEI), and the surface topography

was measured by an AFM with integrated peak force tapping technology (Dimension Edge, Bruker). The

Raman spectra were taken using a commercially available confocal Raman system (WITec) equipped with

a 785 nm laser. The light was focused onto the sample, and the scattered light was collected with the same

microscope objective (NA = 0.95). The measurements were taken with a laser power of 1 mW and an

integration time of 1 s with five accumulations. Measured spectra were background corrected using the

statistics-sensitive non-linear iterative peak-clipping (SNIP) algorithm with 100 iterations.

3.1.2.3 Numerical simulations

Optical simulations were carried out using FDTD (Lumerical). The simulations were done using a 3D

model of an infinite array of amorphous Si nanostructures. The unit cell model was implemented with PBC

on the sides and PML on the top and bottom of the simulation domain. The unit cell was illuminated by a

normally incident plane-wave source. Frequency domain field and power monitors were placed to record

the electric and magnetic fields and the transmittance of the nanostructures. The FDTD method was also

used to obtain the optical power absorbed by the Si nanostructure and transfer it further for FEM-based

thermal simulations for calculating the heat diffusion. Here, the step-like heat source was set to the duration

of the laser pulse, gp = 10 ps.

3.1.3 Crystallization of metasurface elements

Next, it will be demonstrated how the laser-induced spatially-selective internal and shape changes of the

metasurface elements can be harnessed for control of their optical response. The laser-induced tailoring is

applied to amorphous Si metasurfaces with their fundamental ED and MD resonances close to the irradiation

wavelength _ = 532 nm. Because of wavelength-dependent absorption and scattering, such structures can

be used as dielectric nanostructure-based transmissive color filters, shown in Chapter 1 as a promising

alternative to conventional dye-based filters. However, their fabrication is usually done on a small-scale by

lithography techniques. Thus, a complementary technique is proposed – laser pixelation – which is similar

to laser printing [248] in the sense that it allows using a large-scale fabrication technique for an initial

homogeneously nanopatterned template and then locally post-process it for the required functionality. The

technique utilizes reshaping and crystallization of the amorphous material, as illustrated in Figure 3.4.

3.1.3.1 Shape dynamics and thermal regimes

For the proof of concept, a nanostructure-based G (green) color filter is chosen. It is based on a uniform

amorphous Si metasurface (� = 140 nm, � = 175 nm, % = 250 nm). The absorption of metasurface elements

at the wavelength of irradiation is shown in Figure 3.2(b,c). First, a uniform energy distribution over a large

area is obtained to investigate the laser-induced thermal effects systematically. This was carried out by a
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Figure 3.4: Illustration of laser pixelation, where the uniform nanostructure-based filter is spatially tailored by in-
creasing the laser fluence for specific functionality, e.g., the green filter is modified to adhere to a pixelated multi-
color pattern. The modification is not just the reshaping but also the crystallization of a-Si, as indicated by the artistic
impression of the atom distribution.

partial overlap of several laser shots in a hexagonal configuration, which corresponds to the densest packing

of the circular laser spots. The laser energy density at _ = 532 nm was increased in several steps until the

nanostructures became completely molten, thus moving from their initial position, subsequently disorder-

ing the lattice. Note that while disordered metasurfaces offer some intriguing properties [174], within this

work, the disorder generated by laser irradiation will not be further characterized. Thus, regimes are ana-

lyzed up to shortly before the appearance of disorder. Figure 3.5(a) shows SEM images of experimentally

modified metasurface elements after irradiation with laser energy density � of 50, 56, 71, and 170 mJ/cm2,

respectively, together with resulting transmissive colors and approximate thermal regimes, determined by

spectroscopic measurement, geometric analysis, and visual observation.

In general, it is known that the crystallization of amorphous Si starts at )c = 900 [123], whereas Si

melts at )m = 1420 K [249]. Furthermore, when the average temperature of the metasurface elements

exceeds the melting temperature of )m, they melt completely, and a chaotic conglomeration is observed,

extinguishing the functionality of the metasurface. Even though a clear threshold for the latter was not

distinguished, for the investigated filter, it is predicted at � ≈ 100 mJ/cm2. Figure 3.5(b) shows measured

diameters and heights, as well as calculated volumes of several analyzed metasurface elements at different

thermal regimes. The increase of energy density results in a slight growth of the average diameter � from

142±4 nm to 146±5 nm, while the height � decreases from 176±6 nm to 166±6 nm. As anticipated by

the mechanism of dewetting [119], corners of the metasurface elements become rounder at higher energies.

However, only minimal change is anticipated in the volume, see Figure 3.5(b), as long as the ablation regime

is not reached.

3.1.3.2 Spectral and modal analysis

The post-processed metasurfaces are spectrally characterized. Measured transmission spectra of the meta-

surfaces are shown in Figure 3.6(a). One can find a dip in all of the spectra due to the fundamental ED

and MD resonances. Although it is not strongly pronounced because of the high absorption of amorphous

Si in the visible spectral range, the resonances and the subsequent dip blue-shift by Δ_ ≈ 100 nm with the

increase of the laser energy density �; see Figure 3.6(a). However, such a significant shift of the optical
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Figure 3.5: Shape modification and modification dynamics due to laser pixelation of Si metasurface elements with
ED and MD resonances in the visible spectral range. (a) SEM images of a unit cell after irradiation with different
energy densities and respectively identified thermal regimes via shape and Raman measurements. The scale bars de-
note 100 nm. The insets show the transmitted colors of the metasurfaces. (b) Measured geometrical parameters after
irradiation: average diameter (left), height (center), and volume of modified nanostructures (right). The dashed line
highlights the values for the unmodified template. Crosses with error bars depict measurements after irradiation. The
red shade denotes the interval of uncertainty. The different modified regimes defined in (a), crystallization, crystal-
lization, and melting regime, are highlighted in light- and dark grey, respectively. The figure is adapted from [S9].

resonances cannot be explained only by the geometry changes mentioned above.

In contrast to the reshaping-based laser printing [52], the spectral blue-shift is attributed to the intrinsic

changes of the amorphous material – the crystallization. The difference in the refractive index of amorphous

Si and crystalline Si is relatively large in the visible spectral range, i.e., Δ= ≈ 0.3 at _ = 532 nm (see

Appendix A for refractive index of Si). Raman spectroscopy is a common tool to determine the phase

of Si. Thus, the Raman spectra of the Si sample are measured before and after the irradiation; see plots

in Figure 3.6(b). Raman measurements were performed using a commercially available confocal Raman

system; see Section 3.1.2 for more details. For the template, a broad maximum is noted at h = 480 cm−1,

which corresponds to a vibrational mode of amorphous Si. A peak at h = 510 cm−1 appears after the

irradiation of the template and can be attributed to the formation of grain boundaries and nanocrystals. In

contrast, the peak of crystalline Si is expected slightly further at h = 520 cm−1 [250–252]. As the laser

energy density � increases, the FWHM of the peak drops from Δh ≈ 53 cm−1 to Δh ≈ 20 cm−1. Therefore,

the phase transition to the polycrystalline phase is assigned as a key contributor to the change of optical

response.

To justify this further, a numerical simulation is done, where the refractive index was fixed and just

the aforementioned geometry changes are considered. Then, the ED and MD resonances were tracked and

compared to the experimentally obtained dips. Figure 3.6(c) shows the comparison, where it seems that
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Figure 3.6: Modification of optical resonances based on crystallization. (a) Transmittance before and after photother-
mal reshaping of nanostructure-based G color filter. Insets show SEM images. The scale bar is 250 nm. Central
wavelengths of ED and MD resonances are highlighted by blue and red dashed lines, respectively (b) Raman spectra
measurements of the samples with a-Si and c-Si fingerprints highlighted. (c) Spectral positions of ED and MD res-
onances depending on the laser energy density applied. The crosses show points were full analysis was carried out.
Dashed lines show simulations results of amorphous Si with the same geometry. The figure is adapted from [S9].

there is almost no change at all, if the refractive index is fixed, while the change is significant if one applied

the change of the material properties. Accordingly, this confirms that prediction of crystallization.

3.1.3.3 Laser pixelation

Up to now, it has been shown that it is possible to modify the lithographically pre-processed G filter to shift

its optical resonances and subsequently change its transmissive color. To further emphasize the applicabil-

ity, laser-induced thermal effects are used to create user-defined patterns and individual color pixels, i.e.,

pixelate the metasurface.

By using the same laser energies as in Figure 3.6, a multispectral filter array is designed. In Figure 3.7,

experimentally realized transmissive colors are shown, as depicted in a CIE 1931 chromaticity diagram.

They correspond to different laser energies applied. Here, the chromaticity range is limited by the afore-

mentioned Δ_ ≈ 100 nm blue-shift of the dipole resonances. A broader color range could be achieved with

more templates, e.g., nanostructure-based R filter tailored to transmit yellow. Furthermore, a white-light

transmission microscope image of a pixelated green filter is shown in the inset of Figure 3.6. Its pixel size

is equal to 50 µm. The high precision of the laser beam permits a square-shape of the pixels and an accurate
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position to each other. Each of the uniform pixels consists of 450 partially overlapped laser shots. Despite

a large number of laser shots (pulses), a laser source with a high repetition rate and a fast positioning table

permits this within seconds.
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Figure 3.7: Filter colors realized by laser modification denoted in the CIE 1931 chromaticity diagram. The inset
shows realized multispectral filters from the G filter template, as imaged by transmitted light microscope. The pixel
size and scale bar is 50 µm. The figure is adapted from [S9].

Moreover, even though the circular spot-size limited the laser pixelation resolution in our proof-of-

concept experiments, it is sufficient to achieve semi-square 5 µm pixels by control of laser energy in respect

to the threshold and partial overlap of 4 laser shots. Besides the G filter, this was also done for templates

of R and B filters, as shown in Figure 3.8, which proves that the laser-induced tailoring may be applied to

post-process nanostructure-based filters of all colors of the standard RGB pattern.

Figure 3.8: Pixelation of nanostructure-based color filters using 4 overlapped Gaussian spots. 5 µm pixels on R, G,
and B samples using the spot overlap, as imaged by transmission optical microscope. Scale bar – 5 µm.

In perspective, the size of the laser spot could be reduced even further using a high NA objective or a

shorter irradiation wavelength. This would enable using the laser as a single nanostructure manipulation

tool, as demonstrated by using other techniques such as AFM-assisted reshaping [128].

3.1.4 Controlled reshaping of metasurface elements

In the experiments discussed so far, the fundamental dipole resonances of the dielectric metasurface ele-

ments are used to tailor their refractive index without a firm control of the shape. Laser-induced reshaping

of the nanostructures was initially demonstrated in plasmonics [127]. Later, a particular field distribution

was used for an anisotropic reshaping of plasmonic nanostructures [128, 130], but was never utilized in

dielectric metasurfaces. Here, it will be demonstrated how, by engineering the absorbed power profile and

using ultrashort pulses, one can obtain a spatially selective reshaping of dielectric metasurface elements.
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3.1.4.1 Shape modification dynamics and thermal regimes

In order to obtain spatially-selective reshaping, one has to select a metasurface with access to higher-order

resonances. Thus, a sample with the larger metasurface elements was selected: � = 560 nm, % = 794 nm,

� = 220 nm. Laser irradiation at _ = 532 nm excites higher-order resonances and is absorbed predominantly

at the top of the elements, as shown in Figure 3.9. Here, the normalized temperature in the metasurface is

indicated at different times steps after irradiation by a 10 ps pulse.

100 ns

10 ns

1 ns

100 ps

10 ps
Ti
m
e

Tmax
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Figure 3.9: Normalized temperature maps of Si unit cell after gp = 10 ps irradiation at _ = 532 nm. Sample parameters:
diameter � = 560 nm, period % = 794 nm, and height � = 220 nm. Logarithmic timescale goes from 0 s (template) to
10 ps, 100 ps, 1 ns, 10 ns, and 100 ns. The maps show G–H cross-sections.

The template was irradiated by a set of single pulses while steadily increasing the energy until the ab-

lation. The laser-induced thermal effects were analyzed by observation of shape and spectral response.

Figure 3.10(a) shows SEM images of the metasurface elements irradiated by different laser energies, to-

gether with a sketch denoting the thermal regimes. For laser energy densities below � ≈ 150 mJ/cm2 the

geometry remains unchanged, while its further increase results in temperatures close to the melting point

)m = 1420 K [249]. The nanostructures develop curved corners, which is happening exclusively at the

top of nanostructures. Such spatial confinement is attributed to the unique absorption profile with the hot-

spot at the top; see Figure 3.2(e). The induced heat remains strongly localized during the pulse duration

of gp = 10 ps because it takes tens of nanoseconds for the heat to diffuse throughout the amorphous Si

nanostructures; see Figure 3.9.

Accordingly, a substantial increase of the vertical dimensions is noted for the modified nanostructures,

while the diameter at the bottom seems to be sustained, as shown in Figure 3.10(a). From the template up

to the unstable case, the height � increases almost by a factor of 2, from 220±13 nm to 434±54 nm, while

the average diameter D decreases from 560± 5 nm to 300± 42 nm; see Figure 3.10(b). The nanostructure

becomes somewhat conical rather than hemispherical, which was the case in the examples of CW [131] or
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Figure 3.10: Shape dynamics due to laser-induced tailoring of Si metasurface elements with ED and MD resonances
in the IR. (a) SEM images of a typical unit cell after irradiation using different energy density and from the shape
measurements identified thermal regimes. (b) Measured geometrical parameters after irradiation: average diameter
(left), height (center), and volume of the metasurface elements (right). Crosses depict measured values, and red
shading denotes the interval of uncertainty. The dashed lines highlight the geometry values of the template. Melting
as well as melting with ablation are highlighted in light- and dark grey, respectively. The figure is adapted from [S9].

nanosecond pulse-induced heating [52].

Also, certain previously neglected aspects should be noted here. First, the crystallization of Si is taking

place again, but the difference in the refractive index between amorphous and crystalline Si is negligible in

the infrared spectral range (see Appendix A). Second, the heating leads to a decrease in the volume of the

nanostructures starting at � ≈ 350 mJ/cm2, due to part of the sample reaching evaporation temperature of

)v = 2654 K [241]. Some of the evaporated material is redeposited on the surface, but the debris particles

are significantly smaller than the metasurface elements. Thus, their influence on the optical response is also

negligible in the investigated spectral range.

3.1.4.2 Spectral and modal analysis

The template and the reshaped samples were spectrally characterized using a broadband spectrometer. As

shown in Figure 3.11(a), the dip in the transmission spectra, corresponding to the fundamental ED and MD

resonances, tends to broaden and blue shift with the increase of the applied laser energy. As crystallization

does not significantly affect the optical material properties of Si in the infrared spectral range, this behav-

ior can be directly related to the change of geometry, which affects the Mie-type electric and magnetic

resonances.

The subsequent optical simulations of the periodic conical metasurface elements provide identical spec-

tral functions and confirm the positions of the fundamental ED and MD resonances; see Figure 3.11(b). In
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Figure 3.11(c), the measured central wavelength of the resonances is plotted as a function of the diameter

� scaled to the period % of the metasurface. The ED resonance blue-shifts, while the MD resonance main-

tains its position. As the ED resonance is due to the collective polarization induced in the nanostructure,

it is sensitive to the changes in the lateral dimensions, i.e., the nanostructure diameter. On the other hand,

the MD resonance is driven by the electric field coupling to displacement current loops, which are partially

compensated by the increase of height.

Tr
an

sm
itt

an
ce

1100 1200 1300 1400 1500 1600

Wavelength, nm

Tr
an

sm
itt

an
ce

1100 1200 1300 1400 1500 1600

Wavelength, nm

a b

c d

2350 mJ/cm

2470 mJ/cm

2600 mJ/cm

template

2240 mJ/cm
H  = 220 nm
D1 = 280 nm 
D2 = 280 nm 

H  = 430 nm 
D1 = 225 nm 
D2 = 160 nm 

D1

D2

H

ED MD
ED MD

0.0 0.5 1.0
1000

1200

1400

1600

W
av

el
en

gt
h,

 n
m

Diameter / Period
0.0 0.5 1.0

1000

1200

1400

1600

W
av

el
en

gt
h,

 n
m

Diameter / Period

ED

MD

ED

MD

2D FabricationReshaping

SimulationExperiment

D1

D2

H

Figure 3.11: Control of optical resonances based on metasurface reshaping beyond two-dimensions. (a) Transmittance
measurements of an infrared metasurface reshaped by increasing laser energy density, where ED and MD resonances
are highlighted by the blue and red lines, respectively. The insets show SEM pictures of the measured arrays. The
scale bars denote 1 µm. (b) Simulated transmittance of the arrays, with highlighted ED and MD resonances. Insets
show the initial and the largest conical metasurface elements used. The structure is described by its height �, and
diameter at the bottom �1 and at the top �2. (c) The measured spectral position of ED and MD resonances as a
function of diameter, scaled to the period, for the sample from (a). The crosses denote measurement results; the lines
are linear fits. (d) The simulated spectral position of ED and MD resonances versus the diameter to period ratio, for
metasurfaces realized by two-dimensional fabrication technologies with height � = 220 nm and period % = 794 nm.
Black areas in (c,d) depict experimentally unattainable parameters. The figure is adapted from [S9].

In order to demonstrate the flexibility of the laser-induced reshaping for control of optical resonances,

simulations are carried out for the spectral positions of ED and MD resonances of dielectric metasurfaces

with a fixed height of � = 220 nm and period % = 794 nm while varying a diameter �, within limits allowed
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by fabrication using standard two-dimensional lithography. The results are plotted in Figure 3.11(d) in

dependence on the diameter �, and they can be compared directly to the result of the laser-induced thermal

reshaping in Figure 3.11(c). In the case of a fixed height, both ED and MD resonances blue-shift with the

decrease of the diameter, whereas in the case of laser-induced thermal reshaping, the ED resonance can be

varied independently of the MD. Thus a prior unattainable control of optical resonances is obtained. Such

control of the ED and MD resonances paves the way for various applications, e.g., broadband band-stop

filters and absorbers. Regarding the former, using the spectral data shown in Figure 3.11(a,b), it can be said

that the bandwidth of fundamental resonances can be flexibly adjusted and increased by as much as a factor

of 2, from 120 to 240 nm.

3.1.4.3 Height transformation

Finally, the actual physical height changes are measured and compared to a maximum height of a geo-

metrically calculated hemisphere. The largest experimentally obtained height is significantly larger than

predicted by the shape transition to a hemispherical shape; see Figure 3.12. Here, a basic geometry trans-

formation is used to find the height of the hemisphere after reshaping �new. The volume of a disk with a

particular height � and diameter � is transformed into a hemisphere with its radius ' = �new. Naturally,

such results vary with the aspect ratio of the disk �/�, and at low aspect ratio values, one gets the increase

of height. Thus, the change in height is obtainable with a conventional reshaping, but the limits of reshaping

may be broadened using ultrashort laser pulses.
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Figure 3.12: Comparison of the obtained height to the generally predicted height transition from the initial to the
hemispherical shape, plotted in respect to an aspect ratio. The figure is adapted from [S9].

Furthermore, by adjusting the laser irradiation’s wavelength, the demonstrated spatially-selective re-

shaping could be applied to dielectric metasurfaces with their elements of different sizes, e.g., the previ-

ously discussed smaller nanostructures with their resonances in the visible spectral range. In general, laser

technologies open broad possibilities and could be used not just for tailoring but also for structuring the

metasurfaces, which is the topic of the following section.
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3.2 Direct laser interference patterning

A variety of metasurface-based applications led to the necessity of an efficient large-scale fabrication

technique. Laser-based techniques, such as point-by-point material transfer [112–114], or direct writ-

ing [115, 116], enable the formation of ordered metasurfaces. These methods are direct and provide suf-

ficient control of the periodicity. Still, their efficiency is limited to the repetition rate of the pulsed laser,

as each laser pulse produces only a single metasurface element. To overcome this limitation and obtain

high-throughput and cost-effectiveness, direct laser interference patterning is proposed.

a-Si

film

intermediate

Mie resonators

energy density

four-beam
interference

p-Si
P

q

Figure 3.13: Graphical illustration of direct laser interference patterning of Si film into Mie-resonators using four-
beam interference. The figure is adapted from [S10].

In this section, laser interference is applied for direct patterning of Si films. It is demonstrated that

Si-based Mie-resonant metasurfaces can be fabricated in a single step by single-pulse laser interference; see

illustration in Figure 3.13. The obtained hemispherical Mie resonators are distributed in a regular square

lattice with a submicrometer period. Their size can be tailored in the range of a few hundred nanometers

by controlling the irradiation conditions and initial film thickness. The structural and spectral analysis of

the fabricated metasurfaces is used to evaluate the scalability and applicability of the proposed technique.

It is shown that single-pulse laser interference is a technique for direct and high-throughput fabrication of

dielectric metasurfaces, and guidelines are introduced for its potential applications.

3.2.1 Laser–matter interaction

3.2.1.1 Laser interference

The mechanism of laser interference patterning of thin films can be understood as a templated dewetting,

but instead of pre-patterning by ion milling [118, 253], EBL [254], or photolithography and subsequent

wet-etching [255], the interference pattern itself is used as a template for the required configuration of

nanostructures; see Figure 3.14(a) for schematic depiction and Section 3.2.1.2 for a detailed discussion on

thermal effects. Now, let us focus on the interference itself.

In general, interference of electromagnetic waves appears when two or more coherent laser beams over-

lap with each other. For a number of beams # with the same optical frequency, the interference intensity
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profile can be expressed as [256]:

� (r) ∝ 1

2

#∑
8=1

|E08 |2 +
#∑
9<8

#∑
8=1

E08 ·E0 9 × cos
(
k8 · r−k 9 · r+i8 −i 9

)
, (3.3)

where E08 and E0 9 represent the electric fields, k8 and k 9 are the wavevectors, and i8 and i 9 are the phases

of the respective interfering laser beams.

The laser interference for patterning was realized using a picosecond laser with a pulse duration gp =

300 ps and a wavelength _ = 532 nm, generated by second-harmonic generation from a 1064 nm laser sys-

tem. The laser beam was split into four beams by a diffractive optical element (DOE). The four in-phase

beams were transferred to the sample plane by a confocal optical system, ensuring equal incidence angles \

of each beam with respect to the surface normal of the sample [137,257]; see Section 3.2.2 for more details

on experimental setup. This results in a cos-shaped intensity pattern periodic in the G- and H-directions. Such

an intensity pattern is used to obtain nanostructures with the corresponding spatial arrangement. The exper-

imental demonstration is done using amorphous Si films deposited on glass substrates; see Appendix A for

dispersion parameters. By increasing the laser energy density � with respect to the material threshold �th,

different nanostructures can be obtained. In this work, the focus is on the regime of Mie-resonant nanopar-

ticles (Mie resonators), see Figure 3.14(c), considering nanohole-like nanostructures as the intermediate

regime, see Figure 3.14(b).

Short-pulse lasers are known for a high-peak-power, which enables efficient micro- and nanostructuring

of materials [258, 259]. However, several other considerations have to be made in the selection of the

optimal source. The different physical phenomena involved in generating the nanopatterned surface will be

explained next. First, thermal diffusion is playing a crucial role when the interference period goes down to

the submicrometer range [156]. The thermal diffusion length is proportional to the pulse duration [135];

thus, short pulse duration is required for small features to be obtainable. The pulse duration of gp = 300 ps

was chosen to ensure a short laser-matter interaction time, but still produce a significantly large patterned

area, as the shorter the pulses, the smaller the interference area over which they overlap [257]. Second, the

lattice constant (period) of the interference pattern % is a wavelength-dependent parameter. The period of

the interference intensity pattern % depends on the wavelength of irradiation _, the number of interfering

beams # , and the angle of incidence with respect to the surface normal \. It is expressed as [260]:

% = ^#
_

sin\
, (3.4)

where ^# is a coefficient related to the number of interfering beams #: ^2 = 1/2, ^3 = 2/3, ^4 = 1/
√

2, and

^6 = 2/
√

3. Accordingly, the period % of the four-beam interference pattern is expressed as follows [260]:

% =
_

√
2sin\

. (3.5)

The period % can be adjusted by changing the incident angle \ or the wavelength of irradiation _. The

incidence angle of the interfering beams \ using the four-beam interference system is dependent on the
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Figure 3.14: Concept of patterning Mie resonant metasurfaces by single-pulse laser interference. (a) Mechanism
of dewetting using the interference intensity pattern as a template with respect to the laser energy density. Si film
with thickness ℎ reshapes via surface diffusion and hydrodynamic flow into a hemispherical shape with radius ' to
minimize its surface energy. During heating, a-Si crystallizes into p-Si. (b) Bird’s-eye view of an array of nanoholes
(intermediate regime) patterned from Si film with ℎ = 70 nm. SEM image, scale bar is equal to 1 µm. (c) Bird’s-eye
view of an array of nanoparticles (Mie resonators regime) patterned from Si film with ℎ = 70 nm. SEM image, scale
bar – 1 µm. The figure is adapted from [S10].

angle between the first-order beams split by the diffractive optical element, the focal length of the first lens

51 and the focal length of the second lens 52 by the following equation [140]:

\ = arctan

(
51

52
tan\0

)
, (3.6)

where \0 is the half-angle between the first-order beams split by the diffractive optical element. In theory,

incident angles \ are possible up to 90◦, which sets the limit to %min = _/
√

2. In the experimental demon-

stration, all four laser beams were incident at \ ≈ 41◦ with respect to the surface normal of the sample; thus,

a submicrometer period of % = 570 nm was obtained, which is sufficient for applications in the visible and

near-infrared spectral range.

3.2.1.2 Thermal processes

The selected laser pulse duration is substantially longer than the electron–phonon relaxation time in Si,

which is less than 300 fs [261], thus the laser–matter interaction can be approximated by relatively simple

thermal processes.

The intensity peaks of interference pattern correspond to hotspots, as indicated in Figure 3.14(a). Here,

more energy is deposited in the Si film by absorption, and it heats up faster than in the interference minima,



82 Chapter 3. Laser-induced tailoring and structuring of metasurfaces

leading to melting. As surface tension of the molten material is a temperature-dependent parameter, it is

lower in the interference maxima (hotspots) and is higher in the interference minima (colder zones) [262].

Subsequently, Si flows from the interference maxima to the minima due to surface tension. If the material

melting temperature is reached, the mass transport is also governed by a hydrodynamic flow, as described

by the mechanism of liquid-state dewetting [110, 119]. The irradiated material exhibits large temperature

gradients and using the same interference pattern, but controlling the laser energy density with respect to

the material damage threshold – one may obtain diverse patterns [137, 144].

In the case of thin films, the film-substrate interfacial free energy Wfs determines the shape of the surface.

The morphology of isotropic films is defined by Young’s equation [263, 264]:

coso =
(Ws −Wfs)

Wf
, (3.7)

where o is the equilibrium contact angle, Wf and Ws are the surface tensions of the film and the substrate,

respectively. When heated to sufficiently high temperatures, the continuous film breaks into nanohole-like

periodic structures; shown in Figure 3.14(b). If the laser energy density is increased further, the film ag-

glomerates to minimize the total free energy of the system [265], thus forming an array of hemispherical

nanoparticles (o = 90◦); see Figure 3.14(c). Furthermore, if the ablation threshold is reached, a part of the

sample gets locally ablated, while some of the material gets redeposited on the surface. The redeposited

particles are spread irregularly based on the chaotic nature of evaporation and are significantly smaller

compared to the ordered elements of the metasurface. Thus their influence on the optical response is neg-

ligible. The ablation does not have a prominent influence unless the majority of the material is evaporated,

subsequently destroying the ordered metasurface.

Properly chosen laser irradiation conditions result in a large-area Mie-resonant metasurface, see exem-

plary SEM image of 20× 20 µm2 area in Figure 3.15(a). The dependence of the metasurface parameters

on the laser irradiation is discussed in detail in the following chapters. AFM measurements confirm the

prediction of a hemispherical shape of the individual nanoparticles, as shown in Figure 3.15(b) by a typical

cross-section of a patterned 70-nm-thick Si film patterned using laser energy density � = 3.75 J/cm2. A

semi-circle function is used to approximate the vertical cross-section of a single nanoparticle.

In addition, the heat-affected amorphous Si tends to crystallize [123,250–252]. The crystallization starts

before Si film starts to melt [123]. Accordingly, the patterned area becomes polycrystalline, as confirmed

by Raman spectroscopy measurements. Note the Raman spectra of the structured and unstructured sample

in Figure 3.15(c)). For the unstructured Si film, a broad peak is observed at a Raman shift of h = 480 cm−1,

which corresponds to a Raman scattering of amorphous Si [251]. A polycrystalline peak at h = 510 cm−1

appears only after the patterning. Moreover, the Raman peaks become significantly sharper: from Δh =

104.0 cm−1 at FWHM in case of the unstructured film to Δh = 23.6 cm−1 after exposure using a laser

energy density of � = 3.75 J/cm2.
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Figure 3.15: General properties of the fabricated metasurfaces. (a) SEM image of a 20×20 µm2 area, constituted of
Si-based Mie resonators. Scale bar is equal to 1 µm. (b) Cross-section of a single Mie resonator (red dotted line),
compared to initial Si film with thickness ℎ = 70 nm (black dashed line). The profile is fitted by a semi-circle (black
solid line). (c) Raman spectra indicating the transition from amorphous Si film with a peak at h = 480 cm−1 (black
line) to polycrystalline Mie resonators with a peak at h = 510 cm−1 (red dotten line). The crystalline Si (c-Si) peak is
at h = 520 cm−1 (black dashed line). The figure is adapted from [S10].

3.2.2 Methods

3.2.2.1 Experimental setup

The experimental setup is schematically depicted in Figure 3.16. The experiments were done using a

high-power picosecond laser (Atlantic HE, Ekspla) with a pulse duration of g = 300 ps and a repetition

rate of a = 1 kHz. The fundamental wavelength of 1064 nm was transformed into its second harmonic of

532 nm to be in the high-absorption range of amorphous Si. The Gaussian beam diameter at the output was

3out ≈ 1.9 mm at 1/42, as measured with a CCD camera, but expanded by a factor of 2 using an optical

telescope. The laser beam was divided into multiple beams using a multi-spot DOE with a 10◦ full angle

(HOLOEYE Photonics). The 1st order beams were directed to the sample plane using a system composed

of two plano-convex spherical lenses ( 51 = 100 mm and 52 = 15 mm), while a metal aperture blocked the

0th diffraction order and the higher-order beams. The laser power was controlled by an attenuator based on

a half-wave plate, a beam splitter, and a beam dump.
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Figure 3.16: Schematic representation of the four-beam interference setup for direct laser interference patterning. The
DOE splits the beam into four, which are further propagated through a 4 5 lens system to the sample plane, forming a
square lattice intensity pattern with a period %. The figure is adapted from [S10].

The setup was used to pattern Si films of four different thicknesses: 30, 50, 70, and 90 nm, which

were fabricated on top of glass substrates by ion-beam deposition. The samples were positioned using a

translation stage (Aerotech). All of the experiments were carried out in ambient conditions.

3.2.2.2 Sample characterization

The spectral analysis was done with a plane-wave illumination using an inverted optical microscope sys-

tem (Axio Observer D1, Carl Zeiss) with an integrated broad-band VIS/IR imaging spectrometer (iHR320,

Horiba). Also, SEM images were taken (Helios NanoLab G3 UC, FEI), and the surface topography was

measured by an AFM with incorporated peak force tapping technology (Dimension Edge, Bruker). The

Raman spectra were taken using a commercially available confocal Raman system (WITec) equipped with

a 785 nm laser. The light was focused and collected with the NA = 0.95 microscope objective. The mea-

surements were taken with the laser power of 1 mW. Measured spectra were background corrected using

the SNIP algorithm with 100 iterations.

3.2.2.3 Numerical simulations

The optical response was simulated using FDTD (Lumerical). As usual, a 3D model of an infinite ar-

ray of amorphous Si nanostructures was created. The unit cell was illuminated by a normally-incident

linearly-polarized plane-wave source. Frequency domain field and power monitors were placed to record

transmittance and reflectance. The Mie resonators were constructed as ideal hemispheres with a certain ra-
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dius '. The intermediate regime of nanoholes was implemented using a surface, characterized by a period

% in the transverse directions, a distance from the glass surface I, and an amplitude � of the sine function.

The refractive index of Si is given in Appendix A. The refractive index of glass was set to = = 1.46. The

electromagnetic fields for the mode decomposition were calculated using the FEM package (COMSOL).

The scattering efficiency of various modes were computed from the current density (see Section 1.1.1.4 for

details).

3.2.3 Patterning of large-area metasurfaces

3.2.3.1 Interference spot and damage thresholds

A technique to determine the beam spot size and the material damage threshold using pulsed Gaussian

beams was introduced by Liu [247].

The spatial envelope of interference resembles the shape of the interfering beams [266]; see illustration

in Figure 3.17. Thus, the technique is also valid for the interference patterning. The Gaussian intensity

distribution is given by:

� (A) = �0 exp
(
−A2/d2

)
, (3.8)

where �0 is the peak intensity, A is the radial coordinate, and d is the spatial radius at the 1/e level of intensity.

Here, the diameter is defined at the 1/e level of intensity as the diameter of the laser spot, 31/4 = 3spot. The

intensity and the energy are related linearly, thus by substitution one may obtain [247]:

32
= 32

spot ln (�/�th), (3.9)

where �th is the threshold pulse energy. Note that the same relation can be expressed for energy density, as

indicated in Equation 3.2.
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Figure 3.17: Interference intensity distribution using Gaussian beams. The intensity distribution (red) has a Gaussian
envelope (black line), while it is modulated periodically, % = 570 nm (see the inset). The diameter of the interference
spot 3spot = 99 µm is found at the 1/e level of intensity. The figure is adapted from [S10].

Based on the Equation 3.9, the Gaussian beam spot diameter 3spot can be determined by measuring the

diameter 3 of the laser-induced damage by using different pulse energies � . The sample of Si film with a
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thickness of ℎ = 70 nm was exposed using laser interference at different spatial positions while gradually

increasing the laser pulse energy � . The total diameters of the patterned areas were measured and plotted as

32 ∝ ln� ; see Figure 3.18(a). The slope is obtained from a linear fit of the measured data, which corresponds

to the laser spot diameter squared 32
spot. Accordingly, as shown in Figure 3.18(a), the interference spot is

found to be equal to 3spot = 99 µm. The interference spot is expected to be maintained regardless of the Si

film’s thickness if no changes are applied to the laser or the optical system.
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Figure 3.18: Interference spot and threshold analysis. (a) Patterned area (diameter squared 32) dependence on the
laser pulse energy � . The slope of the linear approximation (red line) represents the laser spot with 3spot = 99 µm.
(b) Relation of the nanohole size 32 to the calculated laser energy density �. Laser energy density threshold �th is
indicated at 32 = 0. The patterned film has a thickness of ℎ = 70 nm. The figure is adapted from [S10].

By using the diameter of the laser spot 3spot one can simply calculate the area of the spot (spot = c3
2
spot/4,

which allows us to determine the energy per area – the laser energy density �:

� = #
�

(spot
= #

4�

c32
spot

. (3.10)

The measurements of the total patterned areas are not as precise as measurements of single nanostructures,

thus to determine the patterning threshold, the metasurface elements are analyzed, in particular, nanoholes.

The diameter squared 32 of the nanoholes as a function of the laser energy density � is plotted in Fig-

ure 3.18(b). Here, the linear-fit of the experimental data is spanned to 32 = 0, which indicates the threshold

energy density �th. The threshold for patterning of a Si film with thickness ℎ = 70 nm was found to be at the

laser energy density �th = 2.16 J/cm2; see Figure 3.18(b). Similarly, the threshold of other processes can be

found, such as the threshold of the nanoparticle (Mie resonator) regime – �th = 3.30 J/cm2. The laser spot

diameter 3spot depends on the laser parameters as well as the optical system used but is independent of the

sample [S8], while the damage threshold �th not only depends on the irradiation parameters but also varies

with the selection of the material and its thickness, thus the calculation of the thresholds has to be repeated

for each of the Si thicknesses used.

3.2.3.2 Dependence on laser energy density

An essential advantage of direct laser interference patterning is obtaining a relatively large area of periodic

structures from a thin film or a bulk material by just a single laser pulse. In general, the envelope of the
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spatial energy distribution of the interference resembles the spatial energy distribution of the initial Gaussian

beam [266], while the interference area is limited by the spatial and temporal overlap of the interfering

beams [257].

Due to energy-dependent photothermal effects, the patterned area size also depends on the laser energy

density with respect to the material threshold. The total patterned area may be distorted due to ellipticity of

the initial beam or aberrations in the optical setup. Thus, for simplicity, an average diameter of 3 is used

to define the total patterned area. The diameter 3 varies as a function of the total laser energy density up to

the diameter of the interference spot 3spot, which is defined as the diameter of the spatial energy envelope at

1/4 level; see Section 3.2.3.1. The nanostructured elements inside the area are described by their diameter

� and height �, as well as period % of the rectangular lattice.

The first experimental demonstration is done using an amorphous Si film of ℎ = 70 nm thickness. Si was

deposited on a glass substrate (silicon dioxide, = = 1.46) by ion-beam deposition (see Appendix A for Si

dispersion parameters). Figure 3.19(a) shows a SEM image of a Si film irradiated by an arbitrarily selected

laser energy density � = 2.70 J/cm2. Using this energy, a part of the Si film reaches the material melting

threshold, Si melts and is reshaped into an array of nanostructures, which can be seen as a brighter color of

the SEM image shown in Figure 3.19(a). At a slightly larger energy density � = 3.75 J/cm2, accordingly

larger patterned area is obtained; see Figure 3.19(b).

As anticipated, the diameter of the total patterned area 3 and the diameter of the area with Mie resonators

3Mie is coupled to the applied laser energy density �, as shown in Figure 3.20(a,b). It steadily grows towards

the diameter of the interference spot 3spot = 99 µm obtained from the pulsed beam spot size measurements;

see Section 3.2.3.1 for more details. The threshold of the patterning process for a Si film with thickness

ℎ = 70 nm was found to be at the laser energy density �th = 2.16 J/cm2, while nanoparticles start to form

above the laser energy density of �Mie = 3.30 J/cm2. As depicted in Figure 3.20(a), for high laser energies

up to a half of the patterned area consist of nanoparticles. Such area with 3Mie = 55 µm consists of almost

7500 nanoparticles distributed in a rectangular lattice with a period % = 570 nm. Considering this is achieved

using only a single laser pulse, significantly higher fabrication efficiency is demonstrated compared to the

pulse-by-pulse direct laser writing; see head-to-head comparison in Section 3.2.3.4.

3.2.3.3 Uniformity of patterned areas

The size of the metasurface correlates with the size of the metasurface elements. The development of

the metasurface elements was investigated by observation of the central part of the patterned area while

changing the applied laser energy density �; see Figure 3.20(b), where the diameter of the nanostructures

� is plotted as a function of the laser energy density �. A logarithmic growth of the nanoholes size is

noted, starting from the threshold of �th = 2.16 J/cm2 up to the laser energy density of �Mie = 3.30 J/cm2.

By increasing the laser energy density � further, the photothermally induced heat becomes sufficient to

melt the Si film within the whole range of the unit cell. At such a condition, the surface of the Si film

is discontinued, and an array of spherical nanoparticles is formed due to the surface tension, as in the

previously introduced model of templated solid-state dewetting [118,253–255]. In the case of nanoparticles

(Mie resonators), the further increase of the laser energy density � steadily decreases the diameter � of the
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Figure 3.19: Examples of large-area metasurfaces and their submicrometer elements from Si film with ℎ = 70 nm.
(a) A patterned area with diameter 3 = 28.6 µm (brown dashed line) using alaser energy density � = 2.70 J/cm2. (b) A
patterned area using a laser energy density � = 3.75 J/cm2. The diameter of the total area 3 = 64 µm is highlighted
by brown dashed line, while nanoparticle area 3Mie = 40 µm - red dashed line. (c) Structural analysis of the area from
(a), along G-axis. Nanoholes are formed with a maximum diameter � = 450 nm, as shown in the SEM image, scale
bar – 500 nm. (d) Structural analysis of the area from (b), along G-axis. Size of nanoholes increases till nanoparticles
are formed. Diameter of nanoparticles � stays in 10 % range off the central value, � = 2' = 368 nm. Inset shows
SEM image, scale bar -– 500 nm. The figure is adapted from [S10].

nanoparticles till � = 2'. The ℎ = 70 nm Si film was converted into hemispherical nanoparticles with a

diameter � = 2' = 368± 10 nm (from � ≈ 3.45 J/cm2 to � ≈ 4.50 J/cm2), as obtained from analysis of

SEM images and AFM measurements (see Section 3.2.2 for more details on sample characterization). At

and beyond the critical laser energy density �, which was found to be at �abl ≈ 4.50 J/cm2, the Si film is

destroyed, as the material is ablated at the center of the interference spot.

A challenge for direct laser interference patterning is the homogeneity over a large area. It is funda-

mentally limited by the Gaussian spatial energy distribution of the laser beam. Nevertheless, even without

a complex beam shaping approach, a significant part of the patterned area is uniform. For example, the

patterning with the laser energy density � = 2.70 J/cm2 is at the fringe of the nanoparticle (Mie resonator)

regime. The total patterned area with a diameter of 3 = 28.6 µm is constituted only of nanoholes. Their

diameter variation at the central cut of the patterned area is indicated in Figure 3.19(c). The diameter of

the largest nanoholes in the center is equal to � = 450± 12 nm, while it decreases fast when going away

from the center till the nanoholes are no longer obtained due to insufficient laser energy. In contrast, the

patterned film using a larger laser energy density � = 3.75 J/cm2 exhibits the regime of Mie resonators; see

Figure 3.19(d). The Mie resonators seem to be spread more uniformly as all of the obtained structures in

the area of 3Mie = 40 µm fit into a 10 % range off the value at the central part, from �min = 368±10 nm to
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Circled data are represented in Figure 3.19. The figure is adapted from [S10].

�max = 402±22 nm.

It is worth noting that a metasurface of tens of micrometers in lateral size is already applicable in Raman

spectroscopy, fluorescence, or refractometry measurements, but, if required, has the potential to be spatially

extended further by a partial interference spot overlap [140, 145], as discussed next.

3.2.3.4 Comparison to direct laser writing

To have a better feeling of the throughput using laser interference, it is compared to direct laser writing.

Direct laser writing enables point-by-point fabrication of Mie-resonant nanostructures [112]. However, to

obtain a relatively large area of nanostructures, discussed previously, the technique requires a laser with a

high pulse repetition rate and a sufficiently fast and precise positioning stage. Using laser interference, only

a single laser pulse is required to pattern Si film (thickness ℎ = 70 nm) into an area consisting of almost

7500 nanoparticles distributed in a rectangular lattice with a period of % = 570 nm. In contrast, direct laser

writing would require exactly 7500 pulses; see the difference depicted in Figure 3.21(a).

To emphasize this, two main factors for the patterning rate are considered: the pulse repetition rate of

the laser and the speed of the positioning stage. One or another is the limiting factor. For simplicity, the

laser source with a repetition rate of 1 kHz and the positioning stage with a maximum speed of 500 mm/s

are considered. Here, the positioning stage can keep up to the repetition rate of the laser. Thus the total

time of direct laser writing of 7500 nanostructures is limited by the pulse repetition rate. The process would

require 7.5 s, the patterning rate being equal to 1000 nanostructures per second.
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Figure 3.21: Comparison of direct laser interference patterning (DLIP) and direct laser writing (DLW). (a) Number
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In comparison, using the same laser for direct laser interference patterning, only a single pulse/shot is

needed, thus only 1 ms to pattern the same number of nanostructures. For patterning of a metasurface with a

period of % = 570 nm, direct laser writing requires a pulsed laser with a repetition rate of 4 MHz to be at the

same rate as direct laser interference patterning with 1 kHz; see Figure 3.21(b). If the period of interference

is increased, the number of nanostructures per area decreases. Thus, for a large period, direct laser writing

could have the upper hand; see Figure 3.21(b). Otherwise, direct laser interference patterning may provide

higher throughput.

3.2.4 Tailoring of metasurface elements

3.2.4.1 Size control by initial film thickness

In the intent to access a large parameter set of Mie-resonant metasurfaces, the methodology described in

Section 3.2.3 was repeated for amorphous Si films of different thickness ℎ. In total, Si films were deposited

with the following thicknesses: 30, 50, 70, and 90 nm. The patterning was carried out using the same

experimental conditions (see Section 3.2.2 for more details on experimental setup). At each thickness ℎ,

the laser energy density � was step-by-step increased at different spatial positions until the consecutive

development of the Mie resonators.

The direct laser interference patterning process is dependent on the film thickness ℎ, as is the laser abla-

tion of thin films using a single Gaussian laser beam [135,267]. Even-though the patterning of metasurfaces

was successful for all of the selected film thicknesses ℎ, as shown in the SEM images of the samples pat-

terned at explicitly chosen energy densities �, see Figure 3.22(a), the experimental results differ for varying

thickness ℎ. For example, a laser energy density � ≈ 3.15 J/cm2 is sufficient for the formation of Mie

resonators from Si film with ℎ = 30 nm, but such regime is not reached in the case of thicker films.

The experimentally obtained threshold for the intermediate regime, the regime of Mie resonators, and

the ablation of Si are indicated for all of the thicknesses in Figure 3.22(b). There the experimental points are

fitted by a linear function of the film thickness. According to the well-known Beer-Bouguer-Lambert law,
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the intensity of an electromagnetic wave decays exponentially while it propagates through a material. The

penetration depth in Si at which the intensity of radiation decreases to 1/4 of the incident light is X ≈ 5 µm,

based on the absorption coefficient U = 2.0729× 105 cm−1 at radiation wavelength _ = 532 nm [268]. As

long as the thin film thickness is significantly smaller than the penetration depth, ℎ ≪ X, the assumption

of homogeneous energy distribution among the film thickness ℎ is made [267]. This assumption allows a

precise designation of the patterning regimes. As shown in Figure 3.22(b), the range of the laser energy

density for the Mie-resonant nanostructures to be obtained is Δ� ≈ 1 J/cm2, which is the difference between

the onset of the formation of the Mie resonators and the onset of ablation.

Next, an in-depth geometry analysis of the metasurfaces is performed. The high index metasurfaces

were obtained with their elements varying in diameter � and height �, depending on the film thickness ℎ

and the laser energy density �. The geometry parameters after the patterning were determined by analysis of

SEM images and complimentary AFM measurements (see Methods for more details). A typically measured

cross-section of a unit cell is shown in Figure 3.15(b). As the patterned Mie resonators are in the shape of a

hemisphere, the cross-sections were approximated by a semi-circle function, with its radius ' = � = �/2.
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This resulted in Mie resonators with their radius ' equal to 129±6, 156±8, 184±9, and 195±10 nm, when

patterned from the Si films with thickness ℎ equal to 30, 50, 70, and 90 nm, respectively.

As can be visually identified in Figure 3.22(a), the patterned metasurface elements increase in size with

the increase of the initial film thickness, which is also predicted by a direct volume transformation:

+ =+f · b, (3.11)

The volume of a single hemisphere + is equal to a certain fraction b of the film volume within the unit cell,

+f = %
2 · ℎ. Subsequently, the radius ' of the Mie resonator can be defined by a function:

' =
3

√
3

2c
·%2 · ℎ · b, (3.12)

in our case, with the period % being fixed and a cube-root relation to the film thickness ℎ. The relation

of diameter � and height � to the initial thickness ℎ of the Si film are shown in Figure 3.23(a) and Fig-

ure 3.23(b), respectively. In particular, the same trend as shown in Figure 3.19(f) is found for all thicknesses

ℎ. By increase of laser energy density �, the diameter of the Mie resonators � changes from the size of

the unit cell (period) % to the radius of a hemisphere ', see Figure 3.23(a), while the height � changes

from the initial film thickness ℎ to the radius ', see Figure 3.22(b). Based on the cube-root function, it

is determined that at least half of the Si film volume is transformed into the Mie resonators, b ≈ 52%. In

contrast, the other part either gets fully evaporated or is redeposited on the surface. The predicted volume

relation to the initial Si film thickness is plotted in Figure 3.22(c). The experimental points are extrapolated

for film thickness ℎ from 0 to 285 nm. The obtainable nanostructure radius is limited for large thicknesses

due to the conglomeration of neighboring nanostructures.
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Figure 3.23: Geometry of tailored Si metasurfaces depending on the film thickness ℎ. (a) Diameter of the fabricated
Mie resonators � as a function of film thickness ℎ (red line). The increase of energy density � results in reshaping
the film (grey line) into hemispheres. (b) Height of the fabricated Mie resonators � as a function of film thickness ℎ:
from Si film with thickness ℎ (grey line) to hemispheres with radius ' (red line). Cube-root function is extrapolated
from experimental points (crosses) with b = 52 %. (c) Mie resonator volume relation to the initial Si film thickness
(red line), which is a fraction of the Si film volume within a unit cell (grey line). The figure is adapted from [S10].

Here, it should be noted that the volume fraction b is not equivalent to the patterning efficiency, meaning

the amount (mass) of the material transformed into Mie resonators. The porous amorphous Si density is

5-25% lower than the crystalline Si density [269]. Thus the actual efficiency of Si film patterning into Mie
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resonators using single-pulse laser interference patterning with a pulse duration of g = 300 ps is 55-65%.

3.2.4.2 Size control by periodicity

In the necessity of having multiple metasurfaces with different-size elements on the same sample, one

may want to control the radius ' of the Mie resonators by changing the period % instead of the initial

film thickness ℎ, which can be done by changing the radiation wavelength _ or the incidence angle \, as

noted in Section 3.2.1.1. On one hand, incident angles of interfering beams \ are theoretically possible

up to 90◦, which sets the lower boundary of the size of period, %min = _/
√

2, while the upper boundary

is in principle limitless, %max = ∞. For easier control of the angle of incidence \, one may even consider

a different interference setup like the beam splitter and mirrors setup [152], instead of a confocal optical

system. However, it is less robust in spatial and temporal alignment. On the other hand, the wavelength

change can be achieved using achromatic optical elements and different laser harmonics. For example,

one may consider the same angle of \ ≈ 41◦ as in the experiments shown in this chapter. Then, the first

three harmonics of the 1064 nm laser system: _I = 1064 nm, _II = 532 nm, _III = 355 nm, would result

in three different periods: %I = 1140 nm, %II = 570 nm, and %III = 380 nm, respectively. As the radius of

the Mie-resonant elements ' have a relation to the period %, see Equation 3.12, this would lead to three

different sizes of Mie resonators patterned from the same 70 nm Si film: 'I = 292 nm, 'II = 184 nm, and

'III = 116 nm. Even broader tunability is potentially achievable by using tunable-wavelength sources, such

as optical parametric amplifiers [270].

3.2.5 Spectral analysis and Mie resonances

3.2.5.1 Spectral response of different regimes

The optical response of Si film is wavelength-dependent, but even sharper spectral features appear after the

patterning. This is demonstrated by the measured transmittance prior- and post-patterning of a Si film with

thickness ℎ = 70 nm, see Figure 3.24(a). Here, the transmittance of the film is compared to the transmittance

of the samples irradiated by laser energy densities � = 3.15 J/cm2 and � = 3.75 J/cm2, which correspond to

the intermediate regime and the Mie resonator regime, respectively. In Figure 3.24(b), the measured spectra

are supported by the FDTD simulations. The nanoparticles (Mie resonators) are defined as hemispheres

with a certain radius ', while a two-dimensional sinusoidal surface characterizes the nanoholes with a

period %, a mean distance from the substrate I, and an amplitude of the sinusoidal wave �. The refractive

index of Si is fitted between the refractive index of a-Si and c-Si due to its dependence on the crystallization

state (see Appendix A for dispersion parameters).

Due to the sinusoidal interference intensity distribution, the nanoholes sidewalls are inclined; see the

sketch in Figure 3.24(b). Accordingly, it is difficult to assign the peaks and dips of the transmission spectra

in Figure 3.24(a,b) to a particular type of resonance, as they could be of a mixed nature, including but not

limited to guided-mode resonances [271], and Mie resonances [7,8]. In contrast, in the case of well-defined-

shape Mie resonators, the dips in the transmission spectra, such as a clearly pronounced dip at _ ≈ 950 nm,

can be assigned to Mie-type electric and magnetic resonances, as known from Chapter 1.
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Figure 3.24: Spectral response of Si film prior and post patterning. (a) Measured spectra of unstructured 70 nm-thick
film, nanoholes (intermediate regime) and nanoparticles (Mie resonators), obtained by irradiation of � = 3.15 J/cm2

and of � = 3.75 J/cm2, respectively. Insets show SEM images from the central parts of the patterned areas, scale bars
are equal to 500 nm. (b) Numerically obtained spectra of the corresponding structures: film (ℎ = 70 nm), nanoholes
(sinusoidal surface with amplitude � = 100 nm, positioned I = 50 nm above the substrate), and hemispherical Mie
resonators (' = 184 nm). The insets show sketches of the unit cells. The figure is adapted from [S10].

3.2.5.2 Scattering contributions

For the Mie-type resonators, the origin of the strong scattering at _ ≈ 950 nm is assigned to an ED based on

the mode decomposition shown in Figure 3.25(a).

More precisely, the ED resonance is split into two resonances due to symmetry breaking when using

optically non-identical materials for substrate and cladding, e.g., using a glass substrate in air [272]. Even-

though these resonances are partially overlapping, the distinction between them can be seen by observation

of the electromagnetic fields inside the nanostructures shown in Figure 3.25(b–e), where the electric field

distributions in the horizontal and vertical cross-sections of the Mie resonator are given. One of the ED

resonances is identified at _ = 910 nm with the strongest field being at the bottom of the hemisphere, see

Figure 3.25(b,c), while another peak, marked as ED’, lies at _ = 960 nm with electric field concentrating at

the top of the structure, see Figure 3.25(d,e).

The ED resonances originate from the collective polarization induced in the dielectric particle, while

MD resonances are driven by the electric field coupling to displacement current loops. However, the latter

is not as prominent when compared by the scattering efficiency &scat (scattering cross-section normalized

to geometric cross-section), because of a relatively small height � = �/2 and intrinsic Si losses. Moreover,

suppression of the ED scattering at _ ≈ 850 nm may relate to a non-scattering anapole mode [163,273]. The

optical response at shorter wavelengths is influenced by EQ and MQ; see Figure 3.25(a). Lattice resonances

are indicated at the wavelengths of _ = 570 nm and _ = 832 nm, based on the period % and the refractive

index of air (= = 1) and glass (= = 1.46), respectively. Octopoles and other higher-order modes are neglected.
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Figure 3.25: Mode decomposition. (a) Scattering efficiency &scat of metasurface consisting of Mie resonators with
' = 184 nm (patterned from Si thin film of ℎ = 70 nm): total scattering and contributions from ED, MD, EQ, and MQ
modes. The ED resonance is split into ED and ED’ because of symmetry breaking. Lattice resonances are indicated
by black dashed lines. (b) Electric field at a vertical cross-section of a unit cell at _ = 910 nm, corresponding to ED.
(c) Electric field at a vertical cross-section at _ = 960 nm, corresponding to ED’. (d) Electric field at a horizontal
cross-section at _ = 910 nm, corresponding to ED. The cut is at 1/4 of the height �, as shown in (b). (e) Electric field
at a horizontal cross-section at _ = 960 nm, corresponding to ED’. The cut is at 3/4 of the height �, as shown in (c).
Electric field is G-polarized, its magnitude is normalized to 1. The figure is adapted from [S10].

3.2.5.3 Dependence on elements size

The spectral positions of the resonances are related to the optical size of the nanostructures [8]. In particular,

a red-shift of the transmittance dips is observed in the measured spectra with the increase of the initial

film thickness and, subsequently, the size of the Mie resonators, see Figure 3.26(a). The nanostructures

patterned from Si film thicknesses of 30, 50, 70, and 90 nm, and their respective spectral functions were

successfully reproduced numerically using the measured geometry, see Figure 3.26(b). Experimentally, the

spectral features are slightly less pronounced due to slight irregularities in the metasurface and subsequent

broadening of the resonances. Nevertheless, the mode decomposition of the periodic resonators confirms

the spectral function trend and their correlation with the Mie resonances. Note the highlighted fundamental

electric dipole resonances ED and ED’ in both experimental and numerical results in Figure 3.26(a,b).

As the measured transmittance and the numerical simulations have a firm agreement, this enables a

reliable emulation of the spectral behavior (transmittance, reflectance, and absorbance) within and even
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Figure 3.26: Spectral response of the Mie-resonant metasurfaces depending on their size. (a) Transmittance of the
samples fabricated from Si films with varied thickness: 30 nm, 50 nm, 70 nm, and 90 nm. SEM images are shown
in insets. Scale bars depict 500 nm. Dominant fundamental electric dipole modes, ED and ED’, are highlighted by
the blue dashed lines, higher-order – by blue dash-dot lines. (b) Numerically obtained spectra of the Mie resonators.
Electric dipole modes are highlighted. Insets show sketches of resonators with a certain radius '. The figure is
adapted from [S10].

outside of the experimentally observed spectral range plotted in Figures 3.27(a–c). It can be noted that

the influence of the resonances becomes apparent only when the Mie resonators radius is sufficiently large,

' > 100 nm. Up to that point, the structures fill only a tiny portion of the surface. Thus their density is too

low considering the lattice configuration. In contrast, when ' > 250 nm, another effect is adhered, because

the gap between the neighboring metasurface elements reduces significantly and causes strong coupling and

subsequent broadening of the resonances. As a result, in the demonstrated case, the optimal range of the

radius is from ' = 100 nm to ' = 250 nm, in which a strong and wavelength-selective optical response is

observed.

3.3 Chapter summary

In the first part of this chapter, ultrashort-pulse lasers are used for deterministic and spatially-selective

tailoring of Si metasurfaces. The laser-induced thermal effects are applied for spatial customization, so-

called laser pixelation, of a large-scale metasurface. The technique is mainly based on the crystallization

of amorphous Si, which resulted in a Δ_ ≈ 100 nm blue-shift of the ED and MD resonances, sufficient

to change the transmissive color of the nanostructure-based green filter to blue and, finally, red-shade.

Such results indicate a simplification in the complex fabrication of the nanostructure-based color filter

arrays and make a step towards their implementation into daily-use digital imaging devices. Second, a
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Figure 3.27: Extrapolated spectral response of the Mie-resonant metasurfaces. (a) Extrapolated transmittance map in
dependence of Mie resonators radius ' and the initial film thickness ℎ. Electric dipole resonances are highlighted,
crosses depict experimentally obtained transmittance dips. Similarly simulated maps of: (b) reflectance, (c) ab-
sorbance. At small radius ' insufficient density of the resonators is observed, while at high values – coupling between
neighboring resonators. Black dashed lines shows lattice resonances. The figure is adapted from [S10].

multi-dimensional reshaping technique for dielectric nanostructures is introduced. It is shown how high

absorption and the selection of a resonance-associated field distribution allows us to spatially engineer the

hotspot for the reshaping, while a 10 ps pulse duration enables spatial heat confinement. In the demonstrated

example, we have shown an increase of nanostructure height by a factor of 2, while slightly shrinking its

diameter. Such reshaping is followed by independent control of the ED and MD resonances, expanding the

capabilities beyond the two-dimensional fabrication. The technique using ultrashort pulses is not surface

energy limited as using continuous illumination or longer pulse duration. A great perspective is envisioned

using even shorter pulses, spatial and temporal beam shaping approaches.

Furthermore, in the second part of this chapter, see Section 3.2, we have introduced a single-step tech-

nique for the fabrication of Mie-resonant metasurfaces. Direct laser interference patterning has been applied

for the fabrication of high-index nanostructure arrays on a glass substrate. The area of the obtained metasur-

face spans across 102–104 µm2 and, subsequently, consists of thousands of polycrystalline Si nanostructures

distributed in an ordered rectangular lattice with a period % = 570 nm. The technique is carried out using

only a single 300 ps laser pulse. Thus, it shows an enormous throughput compared to other existing laser-

assisted fabrication techniques. Moreover, it was demonstrated that the hemispherical Mie resonators could

be tailored by the preselection of the initial Si film thickness and control of the irradiation conditions. The

film thickness variation allowed us to obtain Mie resonators with a diameter ranging from less than 260 nm

to almost 400 nm, with their electric and magnetic resonances covering the visible and the near-infrared

spectral range. While for complex shapes and patterns one may still consider laser-induced point-by-point

material transfer [112–114] and direct writing [115,116], the presented direct and high-throughput fabrica-

tion is a step towards a simple realization of spatially invariant metasurface-based devices.

The results on postprocessing dielectric nanostructures, presented in Section 3.1, are successfully pub-

lished in Optics Express [S8]. Simultaneously, the results on direct laser interference patterning of Mie-

resonant metasurfaces, discussed in Section 3.2, are published in ACS Nano [S10]. More publications on

this topic are envisioned.
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Conclusions and outlook

This work is intended to take its reader through a small part of possibilities – spectral selectivity – using

the physics of optically resonant high-index nanostructures and non-resonant nanostructures embedded in

other-type resonant systems, and bring such structures a step closer to the real-life applications.

Chapter 1 is used for the analysis of Mie resonances and their applicability in spectral filtering. High-

index dielectric nanostructures, exhibiting ED and MD resonances, provide a wavelength-dependent spec-

tral response, which allowed the realization of color filter arrays. Moreover, the resonances can be tuned by

lateral geometry, keeping it within the subwavelength range. Thus, the nanostructures can be assembled into

flexible and miniature spectral filters. As a result, RGB filters as small as 0.5 µm in lateral size were demon-

strated. The use of the enhanced camera resolution enabled by the submicrometer pixels could potentially

give access to hitherto hardly obtainable information. The nanostructure-based filters have the potential

to replace conventional pigmented and dye-based color filters, and their consequent use can significantly

improve the technologies of digital color imaging.

Silicon (Si) is the most frequently used high-index material because of its relatively low cost, compat-

ibility with the CMOS process, and tolerable losses [234, 274]. Thus, amorphous Si was used for most

demonstrations, disregarding the losses in the visible spectral range. Naturally, better performance and

higher efficiency are envisioned with other materials, such as TiO2 and GaP. Furthermore, the performance

can be enhanced by vertical stacking, extending the gamut over the limits of sRGB, or horizontal mixing,

which could improve the color quality without impinging additional technological steps [S2].

Chapter 2 explores the FP resonators, which is another optically resonant system. It was shown that

the FP resonator can be tailored by inclusions of high index nanostructures to create multispectral filters

and even extend the concept to polarization-sensitive structures. Conventional step-profile FP resonators

within a single chip require a complex fabrication with multiple etching steps [85]. Also, the majority of

multispectral and multifunctional nanostructure-based devices consist of a few transversely-variant layers

on top of each other. Multiple layers cause quite a challenge in terms of alignment, as even small misalign-

ment results in errors of the detected information [82]. In contrast, the proposed architecture – FP resonator

with embedded nanostructures made from a high-index material – involves only a single lithography step.

Thus the performance cannot be deteriorated by the aforementioned issues. The previously introduced

Mie resonances can be extended to the infrared. However, biomedical applications and Earth observation
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benefit from a high SNR (quality factor) provided by FP resonators have an edge. The spectral resolution

of systems, presented in Chapter 2, is limited only by the reflectivity of the mirrors. Thus, subnanometer

spectral resolution is possible. Moreover, the spatial resolution may reach a submicrometer scale, making

the systems extremely compact but powerful.

The limits of the spectropolarimetric design were analyzed. With a spectral resolution of 1 nm, such a

system could have a bandwidth of 127 nm separated in 126 bands. In the ideal case, the system would benefit

from a more anisotropic inclusion inside the cavity to increase the bandwidth. Furthermore, the system

could be extended with additional layers of retarders to enable circularly polarized light measurements,

enabling the retrieval of the full Stokes vector. In perspective, more advanced tailoring of the FP resonances

can be done by using multiple cavities [226, 275], nanostructuring the mirrors [78, 221], or embedding

resonant nanostructures [79, 90].

Laser-based techniques for postprocessing and patterning of high-index nanostructures are proposed in

Chapter 3. It was demonstrated that laser pulses might be used to spatially-tailor single nanostructures

or large scale metasurfaces. The process was based on laser-induced thermal processes, crystallization of

amorphous Si, and melting. It allowed the laser to pixelate the aforementioned nanostructure-based color

filters and even control the height of the nanostructures – adding local functionalities to the sample.

Direct laser interference patterning was applied to create the whole metasurface from a homogeneous

thin film using only a single laser pulse. The presented interference technique could be extended towards

different and more complex shapes of the metasurface elements and their geometrical distribution by ma-

nipulation of amplitude and phase [144, 276, 277], control of polarization [154], or sub-period positioning

of the sample [140]. Moreover, different lattice configurations could be obtained using a different number

of interfering beams, e.g., three or six beams for hexagonal lattice and five, seven, or more beams for more

exotic quasi-periodic patterns [278]. Furthermore, while the period is limited by the wavelength of the laser

source used, the filling factor could be potentially increased and even doubled by manipulating the phase

of the interfering beams [277, 278]. Also, the patterned area could be increased from tens of µm2 to cm2,

or even m2, by a partial spatial overlap of interference spots with a stitching error as low as 9% [140, 145].

The error could also be reduced further by the spatial modulation of the beams, e.g., by using a top-hat

profile [279]. High repetition rates of pulsed lasers and speed of high-accuracy positioning stages already

allow processing speeds within the mass-production scale, up to 1 m2/min [280]. At the same time, the fab-

ricated large-scale uniform metasurface could be equipped with local functionalities by the complimentary

process of photothermal reshaping [52, 129, 248].

Even though laser-induced thermal processes depend on Si parameters, they are also transferable to

metasurfaces constituted of other high-index materials, e.g., TiO2, GaP, and others. At the same time, the

selection of a pulsed laser with a high repetition rate as a light source gives the opportunity not only for the

spatial but also for rapid and efficient postprocessing, which serves as a strong building block in bridging

the gap between high-index dielectric metasurfaces and their implementation in mass-produced devices. A

great perspective is envisioned using even shorter pulses, spatial and temporal beam shaping.

The comparison of the presented optically-resonant nanostructure-based systems is summarized in Ta-

ble 4.1. Here, one can see that the RGB color filters, introduced in Chapter 1 and later modified by laser-

induced processes in Chapter 3, have relatively broad resonances, which fit the requirements of the con-
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Table 4.1: Summary of different optically resonant nanostructure-based systems presented in this work. The approxi-
mate values of FWHM and quality factors are taken from the numerical results.

Key physics Spectral range FWHM, nm Quality factor
RGB color filters
(Chapter 1, Chapter 3)

Mie resonances VIS 100–150 nm 2–5

FP oximeter
(Chapter 2)

FP resonance and
effective index

VIS/NIR 60–70 nm 8–14

Spectropolarimeter
(Chapter 2)

FP resonance and
effective index

IR 1–4 nm >300

Laser-patterned
(Chapter 3)

Mie resonances NIR 120–170 nm 3–5

ventional tricolor imaging. The FP-based oximeter, shown in Chapter 2, have narrower resonances and,

subsequently, a higher quality factor. Furthermore, such FP resonators tailored by high index nanostruc-

tures may be further improved using DBRs instead of metallic mirrors, if a higher spectral selectivity is

required. This is the case for the spectropolarimeter, embracing a quality factor of > 300. Finally, the

lithography-free fabrication technique, proposed in Chapter 3, offers a decent solution for an easier Mie-

resonant metasurface fabrication and subsequent implementation in optical devices. Even though at the

moment their quality factor is relatively low, there is a lot of room for improvement.

Last but not least, in addition to the optical properties, discussed in this work, dielectric nanostructures

and metasurfaces may serve several other roles depending on their physical size and geometry. This includes

but is not limited to physical matrices for SERS [281] and other sensing applications [282, 283], surfaces

for mechanical bactericidal effect [284], and other ingenious applications yet to be defined.
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[S3] J. Černigoj, F. Silvestri*, L. P. Stoevelaar*, J. Berzinš*, and G. Gerini*, “Lattice resonances and local

field enhancement in array of dielectric dimers for surface enhanced raman spectroscopy,” Scientific

Reports 8, 1–7 (2018).

[S4] J. Berzinš, S. Fasold, T. Pertsch, S. M. Bäumer, and F. Setzpfandt, “Submicrometer nanostructure-

based RGB filters for CMOS image sensors,” ACS Photonics 6, 1018–1025 (2019).

[S5] N. Abbasirad, D. Arslan, J. Berzinš, S. Fasold, I. Staude, F. Setzpfandt, and T. Pertsch, “Mapping

the near-field interaction of silicon nanodisc arrays by automated dual-tip scanning near-field optical

microscopy,” in “CLEO/Europe-EQEC 2019,” (2019).

[S6] N. Abbasirad, J. Berzinš, K. Kollin, S. Saravi, N. Janunts, F. Setzpfandt, and T. Pertsch, “A fully au-

tomated dual-tip scanning near-field optical microscope for localized optical excitation and detection

in the visible and near-infrared,” Review of Scientific Instruments 90, 053705 (2019).
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Appendix A

Refractive index database

This appendix serves as a collection of materials used in this work. The refractive indices are an essen-

tial part of accurate numerical simulations. Some of the materials used in this work possess wavelength-

dependent dispersion. The list of such materials includes Si, as well as other high-index and plasmonic

materials. They are graphically represented in the following subsections.

Silicon

Si is the most frequently used high-index material. Often, c-Si is referred, but the direct growth of c-Si on

top of a foreign substrate such as a glass is not possible. Hence, other types of Si are preferred: a-Si and

a-Si:H. Their refractive indices are shown in Figure A.1. The properties of a-Si and a-Si:H were measured,

while the refractive index of c-Si was taken from a database [274]. The real part of the refractive index = for

all three varieties are similar. However, the imaginary part (extinction coefficient) : for c-Si is much lower

in the visible spectral range than for the others. Regardless of that, most of the experimental demonstrations

in this work were done using a-Si.
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Figure A.1: Refractive index and extinction coefficient of different types of silicon: (a) refractive index =, (b) extinc-
tion coefficient : . The solid black line depicts the refractive index of a-Si, the blue dotted line – c-Si [274], and the
dashed brown line – a-Si:H.
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Other high-index materials

Besides Si, there are a number of other high-index materials worth considering in the field of nanopho-

tonics; such a list includes but is not limited to TiO2, GaP, InP, GaAs, and Ge. In particular, TiO2 was

implemented in Chapter 2. The refractive indices of TiO2 (taken from [232]), GaP (taken from [285]), InP

(taken from [286]), GaAs (taken from [287]), and Ge (taken from [286]), are shown in Figure A.3.
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Figure A.2: Refractive index and extinction coefficient of various high-index materials: TiO2 [232], GaP [285],
InP [286], GaAs [287], and Ge [286]. (a) refractive index =, (b) extinction coefficient : .

Plasmonic materials

Despite the focus on dielectrics, this work involves several plasmonic materials. Au is used in the initial

dielectric vs. plasmonic comparison; see Section 1.1.1. Then several metals such as Ag, Au, and Al are

utilized as mirrors for the best performance of FP filters; see Section 2.2.3. Finally, Cu was used in the

contamination analysis of FP filters; see Section 2.3.3. The refractive indices of Au (taken from [288]), Ag

(measured), Al (taken from [289]), and Cu (taken from [234]), are given in Figure A.3.
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Figure A.3: Refractive index and extinction coefficient of Au [288], Ag (measured), Al [289], and Cu [234]: (a)
refractive index =, (b) extinction coefficient : . Grey area highlights the visible spectral range.
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Laser-tailored silicon

Chapter 3 highlights the change of the refractive index of Si due to thermal effects during the laser-induced

tailoring of Si nanostructures and single-pulse laser interference patterning of Si films; Section 3.1 and

Section 3.2, respectively.

The first part of Section 3.1 presents the laser tailoring of metasurfaces with their resonances in the vis-

ible spectral range. These metasurfaces were made from a commercial a-Si layer (Tafelmaier Dünnschicht-

Technik GmbH); see Figure A.4(a,b) for the measured refractive index in comparison to c-Si data from

literature [274]. Furthermore, the second part of Section 3.1 discusses the metasurface sample with its

resonances in infrared. The sample was structured from an a-Si film. Its real part of the refractive index

= was taken from the same commercial a-Si. The extinction coefficient : was fitted via comparison of the

measured and simulated transmittance; see refractive index = and extinction coefficient : in Figure A.4(c,d).
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Figure A.4: Refractive index and extinction coefficient of Si samples before and after laser-induced tailoring. Sample
in the visible spectral range: (a) refractive index =, (b) extinction coefficient : , where the blue dashed line depicts
a-Si, and c-Si is shown in solid black line. Sample in the infrared spectral range: (c) refractive index =, (d) extinction
coefficient : , where a-Si is shown in solid black line, and c-Si – red dotted line.

Laser-patterned silicon

The dispersion parameters of the initial Si films in Section 3.2 were obtained from goniometric measure-

ments, see in Figure A.5. The dispersion parameters of the patterned Si were calculated, accounting for

the refractive index dependence on the crystallization [S8, S10]. Similarly, this was done by fitting the

numerically obtained spectra to the measured spectral data while varying the refractive index of Si between
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the measured a-Si index before the patterning and the c-Si from a database [274] – after. The obtained real

part = and extinction coefficient : of the refractive index of Si after the patterning is shown in Figure A.5(a)

and Figure A.5(b), respectively.
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Figure A.5: Refractive index and extinction coefficient of Si film prior- and post-patterning. (a) refractive index =, (b)
imaginary part (extinction coeeficient) : . The blue line depicts the refractive index of the initial a-Si film, the black
dashed line shows the c-Si refractive index, while the red dotted line shows the fitted refractive index of the patterned
Si nanostructures.
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Deutschsprachige zusammenfassung

Zweidimensionale Anordnungen von Subwellenlängen-Nanostrukturen, Metaoberflächen, sind eine neue

Generation der Optik. Materialien mit hohem Brechungsindex wie Silizium (Si) sind in der Nanophotonik

eine Alternative zu plasmonischen Materialien geworden.

Insbesondere verlustarme Dielektrika mit hohem Brechungsindex ermöglichen neue Konzepte mit ef-

fizienten photonischen Komponenten Vorrichtungen für Bildgebung, Detektion und Fokussierung, Lichte-

mission, -steuerung, -führung und -schaltung und viele andere Anwendungen. Dielektrische Nanostruk-

turen, sogenannte Mie-Resonatoren, unterstützen elektrische und magnetische Resonanzen, die eine wellen-

längenabhängige optische Response ermöglichen, die durch Variation der Form und Größe der Elemente auf

eine bestimmte Funktionalität zugeschnitten ist. Die physikalischen Phänomene, die die Wechselwirkung

zwischen Licht und Nanostruktur bestimmen, stehen im Mittelpunkt dieser Arbeit, um die Metaoberflächen

den realen Anwendungen näher zu bringen.

Kapitel 1 analysiert Mie-Resonanzen und ihre Anwendbarkeit bei der Spektralfilterung. Dielektrische

Nanostrukturen mit hohem Index, die elektrische und magnetische Resonanzen aufweisen, liefern eine

wellenlängenabhängige spektrale Antwort, die die Realisierung von Farbfilterarrays ermöglichte. Die Nanos-

trukturen können zu flexiblen und Miniatur-Spektralfiltern zusammengesetzt werden. Als Ergebnis wurden

RGB-Filter mit einer lateralen Größe von nur 0,5 um realisiert.

Der Fabry-Perot-Resonator ist ein weiteres optisch resonantes System. Es wurde gezeigt, dass das

Medium zwischen de zwei Reflektoren als effektives Medium moduliert werden kann, um multispektrale

Filter zu erzeugen und das Konzept sogar auf polarisationsempfindliche Strukturen auszudehnen. Die

vorgeschlagene Architektur – Fabry-Perot-Resonator mit eingebettetem Material mit hohem Index - um-

fasst nur einen einzigen Lithografieschritt. Die in Kapitel 2 vorgestellte spektrale Auflösung von Systemen

ist nur durch das Reflexionsvermögen der Spiegeln begrenzt, wodurch die Systeme äußerst kompakt, aber

leistungsstark sind.

Die auf Nanostrukturen basierenden optischen Systeme eröffnen neue Horizonte in der Optik und kön-

nten herkömmliche optische Komponenten ersetzen. Sie bleiben jedoch ihren herkömmlichen Gegen-

stücken oft unterlegen: nicht aufgrund der Leistung, sondern aufgrund der Größe und der komplexen

Herstellung. In Kapitel 3 werden zwei laserbasierte Fertigungstechniken vorgestellt, mit denen Metaober-

flächen in auf großen Oberflächen hergestellt werden können. Damit wird der Weg frei gemacht, Metaober-

flächen einzusetzen in Geräten, die in größeren Stückzahlen gefertigt werden.

Es wird nicht erwartet, dass diese Arbeit die Optik revolutioniert. Dennoch ist diese Arbeit in der

Hoffnung geschrieben, einen kleinen Schritt in der Entwicklung der Nanophotonik und ihrer Anwendbarkeit

in realen Anwendungen beizutragen.
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