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Abstrakt
Cieľom tejto práce bolo vykonať rešerš na tému viacvrstvých optických
metapovrchov a následne ich vyrobiť za použitia výrobnych metód na prípravu
nanoštruktúr. V prvej kapitole je predstavený teoretický základ a prehľad
fyzikálnych princípov dielektrických metapovrchov. V druhej kapitole je uvedená
rešeršná časť pre motiváciu viacvrstvých metapovrchov. Tretia kapitola pojednáva
o výrobných metódach pre prípravu jedno-vrstvých a dvoj-vrstvých metapovrchov.
V poslednej kapitole sa už prezentujú výsledky výroby dvoj-vrstvých metapovrchov,
kedy hlavným optimalizačným krokom bolo odstranenie polymerného rezistu.
Zároveň sa tam prezentujú výsledky výroby a charakterizácie metapolarimetru.

Abstract
Main goal of this thesis was to conduct a research on multilayer optical metasurfaces
and subsequently fabricate them using nanofabrication methods. The first chapter
introduces the theoretical background and provides an overview of the physical
principles of dielectric metasurfaces. The second chapter presents short review
section motivating the study of multilayer metasurfaces. The third chapter
discusses fabrication methods for the preparation of single-layer and double-layer
metasurfaces. The final chapter presents the results of the fabrication of double-layer
metasurfaces, where the main optimization step involved the removal of the polymer
resist. In addition, the results of the fabrication and optical characterization of
metapolarimeter are presented.
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Rozšírený abstrakt

Táto práca sa zaoberá prípravou a charakterizáciou pokročilých optických
metapovrchov na báze TiO2 nanoštruktúr. Cieľom bolo zvládnuť výrobu
jednoduchých jednovrstvých metapovrchov a následne rozšíriť proces smerom k
voľnostojacim dvojvrstvým metapovrchov, kde jedna vrstva stojí na druhej a
okolným materiálom je vzduch.

V teoretickej časti práce je predstavený prehľad fyzikálnych princípov
dielektrických metapovrchov, vrátane troch hlavných mechanizmov
fázovej modulácie: propagačnej fázy, rezonančnej fázy a geometrickej
(Pancharatnam-Berryho) fázy. Ďalej sú popísané konkrétne zariadenie realizované
pomocou metapovrchov - metačočky a meta fázove doštičky - a napokon je zhrnutý
súčasny stav výskumu viacvrstvových metapovrchových systémov.

Experimentálna časť práce popisuje celý výrobný reťazec nanoštruktúr. Ako
substrát bol zvolený SiO2 pre jeho vysokú priepustnosť vo viditeľnej oblasti spektra.
Vzory nanoštruktúr boli definované elektrónovou litografiou pri urýchlovacom napätí
30 kV. Pre výrobu boli testované dva typy pozitývnych jeden bol založený na
PMMA 950k AR-P 679.04 a druhý bol AR-P 6200.13 - pričom hrúbky vrstiev
boli optimalizované pomocou spektroskopickej reflektometrie s cieľom dosiahnúť
cýšku nanoštruktúr 500 nm. Na zlepšenie adhézie rezistu k substrátu boli testované
adhézne promotéry AR 300-80 New a HMDS, pričom HMDS sa ukázal ako výrazne
lepší. Pretože SiO2 je nevodivé, na potlačenie nabíjania počas elektrónovej litografie
bola použita polymérna vrstva Electra 92.

Depozícia TiO2 bola realizovaná metódou depozície atomárnych vrstiev. Počas
práce boli vzužité dva systémy. Na prvom depozičnom systéme boli zistené
nezvyčajne vysoké depozičné rýchlosti, čo naznačovalo odchýlku od ideálneho
samo-limitujúceho rastu. Proces bol preto presunutý na druhý systém, kde
bola dosiahnutá konzistentná depozičná rýchlosť. Keďže depozícia atomárnych
vrstiev deponuje materiál konformálne, výška nanoštruktúr je daná hĺbkou otvorov
definovaných litografiou a nie samotnou depozíciou.

Po depozícií bola prebytočná vrstva TiO2 na povrchu odstránená leptaním
zväzkom iónov. Koncový bod leptania bol monitorovaným hmotnostnou
spektroskopiou sekundárnych iónov.

Reaktívne iónové leptanie kyslíkovou plazmou spôsobovalo kolaps nanoštruktúr
v dôsledku príliš agresávneho iónového bombardovania a to aj pri zníženom výkone.
Problém bol vyriešený prechodom na mikrovlnné leptanie, ktoré poskytoje čisto
chemické leptanie, taktiež v čisto kyslíkovej plazme.

Po optimalizácií procesu pre jednu vrstvu bol realizovaný pokus o výrobu
voľnostojacich dvojvrstvých TiO2 metapovrchov. Kľúčovým princípom tejto
architektúry je selektívny vývin rezistu vo vývojke. Čo umožnilo vyvinuť vzor
v druhej vrstve rezistu bez porušenia spodného rezistu. Celý výrobný proces
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bol potom v podstate dva cykly toho istého procesu s tým, že v druhom cykle
sme využili druhý typ rezistu. Pre presné trafenie vzoru pre hornej vrstvy na
tú spodnú, boli v dizajne pridané zameriavacie kríže, ktoré slúžili ako globálne
a lokálne zarovnávacie značky, pričom sa ukázalo že značky vytvorené z TiO2 sú
dostatočne viditelné aj pod vrstvou druhého rezistu. Toto zistenie nám umožnilo
úplne vynechať dodatočný kroky pre vytvorenie značiek z napr. kovu. Napokon sa
výrobný proces voľnostojacich dvojvrstvých metapovrchov na báze TiO2 skúmaný
v tejto práci usvedčil, pretože takéto štruktúry sa podarilo vytvoriť.

Paralelne s výrobou dvojvrtsvého metapovrchu bol úspešne vyrobený a opticky
charakterizovaný aj jednovrstvový polarimeter. Toto zariadenie kombinuje funkcie
metačočy a vlnovej doštičky s fázovym posunom 3𝜋/4. Metapolarimeter pozostáva
z obdĺžnikových nanoštruktúr z TiO2. Optická charakterizácia bola prevedená
na vlastnej optickej zostave. Meraním bolo zaznamenané rozloženie rozptylovej
funkcie, ktorá má charakteristický tvar podľa typu polarizácie dopadajúceho svetla
na metapolarimeter. Následne sa z meraní zrekonštruovali stokesové parametre
chyba rekonštrukcie k teoretickým simuláciam bola menšia ako 3%, čo potvrdzuje
správnu optickú funkčnosť.
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Introduction

In the effort to push the boundaries of optical technologies, classical optics faces
natural limitations. Conventional optical components, constrained by the diffraction
limit and their physical size, struggle to keep pace with the ever-growing demand
for miniaturization and more compact devices. Advances in nanofabrication have
enabled the creation of structures capable of controlling light in ways that were
previously not possible, giving rise to planar photonics and a new class of optical
components known as metasurfaces.

Metasurfaces have emerged as revolutionary platforms in the field of
electromagnetic wave manipulation, offering unprecedented control over the
properties of light. These artificially engineered two-dimensional structures have
captivated the scientific community with their ability to shape wavefronts, control
polarization, and induce exotic optical phenomena (see Figure 1) [1, 2].

Detection
controlSpectral

control
Wavefront

control
Emission
control

Detection
control

Quantum state
control

Temporal
control

Polarization
control

Control of
chemistry

Figure 1: Portfolio of possible functions of metasurfaces. Adapted from [3].

Optical metasurfaces exploit local modifications of the phase response of
transmitted or reflected light, offering a fundamentally different approach to optical
manipulation compared to conventional optical elements [4]. These wavefront
modifications are achieved through scattering by resonant metallic or dielectric
nanostructures, commonly referred to as meta-atoms or building blocks [5]. Since
the lateral dimensions of these nanostructures are well below the diffraction limit of
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the incident light, metasurfaces can exhibit unique optical properties unattainable
by conventional optics [6].

However, achieving multiple optical functionalities simultaneously within a single
metasurface layers IS challenging, as independent control over all properties of light
often requires compromises in efficiency or bandwidth. This has motivated the
development of multilayer and bilayer metasurface architectures, where different
optical functionalities are distributed across vertically stacked layers, enabling more
sophisticated light manipulation while preserving the compact planar form that
makes metasurfaces attractive in the first place.
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1. Theory

Metasurfaces are two-dimensional arrays of subwavelength artificial structures,
commonly referred to as meta-atoms, which enable precise control over the
amplitude, phase and polarization of electromagnetic waves [7–12]. Unlike
conventional optical components that rely on gradual phase accumulation during
propagation through bulk materials, metasurfaces achieve wavefront shaping
through abrupt phase discontinuities introduced at an interface. Each meta-atom
acts as an individual scatterer whose response depends on its geometry, material
composition and local environment. Spatial variations of these parameters across
the surface enables engineering of arbitrary phase profiles [13]. This allows
functionalities such as beam steering [14], focusing [15–17], holography[18–20] and
polarization control [21].

Based on the material platform, metasurfaces can be broadly classified into
plasmonic and dielectric types. Which will be more explained in the next chapter.

1.1 Plasmonic metasurfaces

Plasmonic metasurfaces utilize metallic nanoantennas that support localized surface
plasmon resonances [22]. At resonance, the incident electromagnetic field drives
coherent oscillations of free electrons, leading to strong localization and enhancement
of the electric field in the vicinity of nanostructure [23]. This strong field localization
enhances light-matter interaction, which allows for efficient modification of the
amplitude and phase of scattered light. The resonant response of each nanoantenna
is highly dependent on its geometry, material properties and surrounding dielectric
environement. As a result, the spectral position and strength of the resonance
can be tuned, enabling control over phase delay and scattering characteristics of
the transmitted or reflected wave. Plasmonic platforms enabled some of the first
experimentally realized metasurfaces capable of arbitrary wavefront shaping and
demonstrated functionalities such as anomalous reflection and refraction, beam
steering and holography [24–27]. Despite these advantages, plasmonic systems
suffer from significant ohmic losses originating from absorption within the metal.
As a result, part of the electromagnetic energy is dissipated as heat, limiting
the transmission efficiency and overall performance of plasmonic metasurfaces,
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particularly in the visible and near-infrared spectral regions [28]. This absorption
of energy is particularly significant in the visible and near-infrared spectral
regions, which severely limits the efficiency and practical applicability of plasmonic
metasurfaces in these wavelength ranges. To overcome these limitations, dielectric
metasurfaces based on high-refractive index, low-loss materials have emerged as a
compelling alternative.

1.2 Dielectric metasurfaces

To overcome the limitations associated with metallic nanostructures, dielectric
metasurfaces based on high-refractive-index and low-loss materials have emerged
as a low-loss platform for high efficiency wavefront control [29]. Commonly used
materials include silicon [30], oxides [31, 32] and nitrides [33], which exhibit low
optical absorption while maintaining strong electromagnetic field localization [34].

The fundamental building blocks of dielectric metasurfaces are subwavelength
high-index nanoantennas whose optical response is determined by their interaction
with the incident electromagnetic field. Depending on their geometry and
arrangement, dielectric nanoantennas can operate through several physical
mechanisms, including electric and magnetic Mie resonances, waveguide-like modes
or hybrid regimes combining both effects [35]. This versatility allows tuning of the
spectral and polarization response of transmitted or reflected light while maintaining
low absorption losses and high optical efficiency [36].

1.3 Phase manipulation in dielectric metasurfaces

Arbitrary wavefront shaping with metasurfaces requires phase control spanning
the full 2𝜋 range. Spatially varying phase profiles enable functionalities such as
beam steering, focusing, holography and polarization manipulation [1]. In dielectric
metasurfaces, phase control is achieved by tailoring the interaction of incident light
with meta-atoms through three main mechanisms: propagation phase, resonant
phase and geometric phase.

Propagation phase originates from the phase delay accumulated as light
propagates through the nanoantennas. Resonant phase metasurfaces rely on
localized electric and magnetic resonances supported by the individual meta-atoms.
First two method are dependent on meta-atoms geometry, in contrast, geometric
phase metasurfaces utilize polarization conversion induced by rotated anisotropic
structures.The ability to engineer the optical response of individual meta-atoms
forms the foundation for precise phase control across the metasurface, which will be
discussed in the following section.
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1.3.1 Propagation and resonant phase mechanisms

Propagation phase arises from the accumulated phase inside meta-atoms and
depends on their geometry and material properties. Several physical regimes can be
distinguished depending on the metasurface parameters. For metasurfaces with
small lattice periods relative to wavelength, neighboring nanoposts are strongly
coupled and each meta-atom can be approximated as a truncated dielectric
waveguide. The incident electromagnetic field excites guided modes inside the
nanopost, resulting in phase accumulation determined primarily by effective
refractive index of these modes. In this regime, the nanopost behaves similarly
to a low-quality-factor Fabry-Pérot resonator as shown by [37–39].The accumulated
phase can be then approximated by:

Φ ≈ 2𝜋

𝜆
𝑛effℎ, (1.1)

where 𝜆 is the free-space wavelength, 𝑛eff is the effective refractive index of the
guided mode and ℎ is the height of the nanopost. By varying the lateral dimensions
of the nanopost, the effective refractive index changes, enabling continuous phase
tuning. This mechanism is illustrated in Figure 1.1(a,c).

As the lattice period increases, the coupling between neighboring nanoposts
becomes weaker and the optical response becomes dominated by localized resonances
within the individual nanoantennas. In this regime, phase control originates from
electric and magnetic dipole resonances, commonly referred to as Mie resonances.
Each resonance contributes approximately a 𝜋 phase shift [40]. When the
electric and magnetic dipole resonances spectrally overlap, their combined response
enables full 2𝜋 phase coverage while maintaining high transmission efficiency [8,
41, 42]. This condition is commonly associated with Huygens metasurfaces [43],
where constructive interference between electric and magnetic response suppresses
backscattering and enhances forward transmission. The resonant phase mechanism
based on electric and magnetic dipole resonances is illustrated in Figure 1.1(b,d).

Between the Fabry-Pérot and Mie resonance regimes, an intermediate transition
region exists in which the optical response cannot be attributed to a single
dominant mechanism. Instead, both waveguide-like propagation effects and localized
resonant scattering contribute simultaneously to the phase response. Li et al.
[35] showed that the phase behavior becomes more complex and less predictable
compared to the pure Fabry-Pérot and Mie regimes. Although complete 2𝜋
phase coverage can still be achieved, the optical response in this regime is
generally more sensitive to geometrical variations and fabrication tolerances, which
complicates practical metasurface design.In contrast to the phase and resonant
mechanism discussed above, which all rely on tailoring the geometry of individual
meta-atoms, the geometric phase mechanism exploits the spatial rotation of
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anisotropic nanostructures to achieve phase control, as described in the following
section.
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Figure 1.1: Schematic comparison of propagation-phase and resonant-phase
mechanisms in dielectric metasurfaces. (a-c) Propagation-phase regime in
high-aspect-ratio nanoposts. Phase control is achieved through approximation
of nanoposts as low-quality Fabry-Pérot resonators, where varying the nanopost
diameter modifies the effective refractive index and accumulated optical phase. (a)
Metasurface composed of high-aspect-ratio nanoposts with different diameter. (b)
Illustration of resonator modes inside nanoposts and corresponding transmitted
phase shifts. (c) Simulated near-field intensity distribution of the cavity mode
inside silicon nanopost. (d-f) Metasurface composed of low-aspect-ratio nanodisks
with varying diameters. (e) Schematic illustration of electric and magnetic dipole
resonance and corresponding phase shifts. (f) Simulated near-field intensity
distributions associated with electric dipole (top) and magnetic dipole (bottom)
resonances.

1.3.2 Geometric phase mechanism

In addition to the propagation-based and resonant-based phase control, dielectric
metasurfaces can also employ geometric phase, commonly referred to as
Pancharatnam-Berry phase (PB-phase). In this case, the phase shift is determined
by the in-plane rotation of anisotropic nanoantennas rather than by their resonant
response. When circularly polarized light interacts with a rotated anisotropic

8



meta-atom, such as a nanofin or rectangular nanopost, the transmitted light acquires
an additional phase shift proportional to twice the rotation angle [44, 45]:

Φ𝑃𝐵 = ±2𝜃, (1.2)

where 𝜃 is the rotation angle of the nanoantenna and the sign depends on the
handedness of the incident circular polarization. The resulting phase shift has
a geometric origin associated with the evolution of the polarization state on the
Poincaré sphere [46]. A major advantage of the geometric phase approach is that
complete 2𝜋 phase coverage can be achieved simply through rotation of identical
structures, simplifying metasurface design and fabrication. However, this mechanism
inherently depends on the polarization state of the incident light and is therefore
typically limited to polarization-dependent applications, such as vector vortex
beam generation [47] or metaholography [48]. A schematic representation of the
geometric phase mechanism together with representative nanofin-based metasurface
implementations is shown in Figure 1.2.

Building upon the phase manipulation capabilities of dielectric metasurfaces, we
can now begin to assemble real metasurface devices.

a) b) c)

Figure 1.2: Geometric-phase mechanism in dielectric metasurfaces. (a)
Metasurface composed of anisotropic nanoantennas with spatially varying in-plane
orientation. (b) Phase control achieved through rotation of anisotropic meta-atoms,
where the transmitted phase is determined by the rotation angle under circularly
polarized illumination. (c) Schematic representation of the geometric phase on the
Poincaré sphere associated with polarization-state evolution. Adapted from [49].

1.4 Metalenses

Metalenses utilize spatially varying phase distributions to control the propagation
of light within an ultra-thin planar structure. Unlike conventional refractive lenses,
which rely on the gradual phase accumulation during propagation through bulk
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material, metalenses shape the optical wavefront by locally imposing the required
phase shift at the metasurface interface. To focus an incident plane wave into a focal
point located at distance 𝑓 , the metasurface must transform the incoming planar
wavefront into a converging spherical wavefront. This requires a spatially varying
hyperbolic phase profile given by:

Φ(𝑥,𝑦) = −2𝜋

𝜆
(
√︀
𝑥2 + 𝑦2 + 𝑓 2 − 𝑓), (1.3)

where 𝜆 is the operating wavelength, 𝑥 and 𝑦 are inplane position of meta-atoms, and
𝑓 is the focal length of the metalens [50]. This phase profile represents the optical
path difference between the center and an arbitrary position (𝑥,𝑦) on the metasurface.
In practical implementations, the continuous phase distribution is discretized into
an array of subwavelength meta-atoms, each designed to impart a specific local
phase delay. The required phase response is achieved by appropriately tuning
the geometrical parameters of the individual nanoantennas, such as their diameter,
width, or height. In dielectric metalenses, phase control is most commonly achieved
through mechanisms associated with Mie-type resonances or waveguide-like modes
supported by high-index nanoposts, which were mentioned in previous chapter. By
engineering the dimensions of these structures, it is possible to achieve 2𝜋 phase
coverage while maintaining high transmission efficiency. Such principle can be seen
in the Figure. 1.3.

1.5 Meta wave plates

Wave plates are optical elements that converts one polarization state of the art
into another by introducing a phase delay between two orthogonal polarization
components [51, p. 248]. Conventional wave plates rely on birefringence materials,
where the refractive index depends on the polarization direction of the incident
light [52, p. 388]. As a result, orthogonal polarization components accumulate
different optical phases during propagation through the material. The resulting
phase retardation is then given by:

∆𝜑 =
2𝜋

𝜆
(𝑛𝑥 − 𝑛𝑦)𝑑, (1.4)

where 𝑛𝑥 and 𝑛𝑦 are refractive indices for the orthogonal polarization directions, 𝑑 is
thickness of the birefringent material, and 𝜆 is the wavelength of the incident light.
Depending on the introduced phase difference, different polarization transformations
can be achieved. For example, a half-wave plate introduces a phase retardation of
𝜋, while a quarter-wave plate produces a retardation of 𝜋/2.

Similarly to metalenses, metasurface provide an alternative to conventional
bulk waveplates by engineering the optical response at the subwavelength scale.
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Figure 1.3: Comparison of wavefront shaping in conventional refractive lens
and metalens. (a,b) Focusing of an incident plane wave using a conventional
refractive lens (a) and a metasurface lens composed of subwavelength meta-atoms
providing spatially varying phase shifts (b). (c,d) Corresponding continuous and
discretized phase profiles required for wavefront shaping in conventional optics (c)
and metasurfaces (d).

In metasurfaces, waveplate functionality is typically achieved using anisotropic
meta-atoms, such as rectangular nanofins or elliptical nanoposts, which exhibit
different effective refractive indices for orthogonal polarization directions[53, 54].
By carefully designing the geometry of these nanostuctures, it is possible to achieve
the required phase retardation. When anisotropic meta-atom is specifically designed
to introduce a phase retardation of 𝜋 between orthogonal axes - effectively acting
as half-wave plate - the geometric phase mechanism becomes particularly powerful.
In that case, complete 2𝜋 phase coverage can be achieved purely through rotation
of the nanostructures, without any need to vary their geometry. This combination
of propagation and geometric phase control forms the operating principle of many
practical metasurface devices.
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2. Multilayer Metasurfaces

Despite the remarkable capabilities of single-layer metasurfaces, simultaneously
controlling multiple optical properties within a single planar layer remains
challenging. In particular, achieving independent manipulation of wavelength,
polarization, phase or amplitude often requires compromises in efficiency, bandwidth
or overall device functionality. As a result, multilayer and bilayer metasurfaces
emerged as a promising approach for extending the achievable optical response while
preserving the compact planar nature of metasurface optics. By vertically stacking
multiple metasurface layers, different optical functionalities can be distributed
between individual layers, enabling more sophisticated manipulation of light than is
typically possible with conventional single-layer designs.

One of the early demonstrations of multilayer metasurfaces was presented
by Avayu et al. [55], who proposed cascaded metasurface layers fabricated
from different materials and independently engineered for distinct spectral bands.
Their multilayer design enabled spectral multiplexing and chromatic aberration
correction by combining several metasurface layers into a single ultrathin optical
element. The authors experimentally realized a multispectral achromatic metalens
operating for red, green and blue light. The work was among the first
studies to highlight the potential of multilayer metasurfaces. Building on this
concept, later works explored increasingly sophisticated layered meta-optical
systems from multifunctional operation. Zhou et al. [56] showed that stacked
dielectric metasurfaces can simultaneously manipulate optical properties, enabling
multiwavelength metaholograms, wavelength-selective waveplates and polarization
insensitive holograms with simultaneous phase and amplitude control. These results
demonstrated the broader functionality accessible through bilayer architectures.
More recently, Deng et al. [57] demonstrated bilayer metasurfaces capable
of independent wavefront manipulation in both transmission and reflection.
By using cascaded anisotropic nanofins based on PB-phase mechanism, the
authors experimentally realized multifunctional devices such as trans-reflective
metaholograms and vortex beam generators operating in the visible spectral range.

A major recent advancement in multilayer meta-optics was demonstrated by
Dorrah et al. [58], who introduced free-standing bilayer metasurfaces operating in
the visible regime. Unlike previous multilayer designs relying on substrates, cladding
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layers or separated stacked structures, their approach utilized vertically stacked
TiO2 nanofins surrounded by air. This configuration provided high-refractive
index contrast, reduced parasitic reflections and stronger optical confinement. The
underlying theoretical framework for such bilayer structures was further clarified by
Palmieri et al. [59], who investigated the conditions under which layers may be
approximated as decoupled single-layer metasurfaces. Their analysis showed that
near-field coupling can become negligible provided that the meta-atoms operate away
from strong resonances and have appropriate dimension (with bottom meta-atom
larger than the upper one) allowing the overall response to be modeled through
cascaded Jones matrices. Using these principles, Dorrah et al. demonstrated
geometric-phase metasurfaces capable of manipulating linearly polarized light
through cyclic polarization evolution on the Poincaré sphere. This approach
extended the conventional PB-phase concept beyond operation solely under circular
polarized illumination.

For me, the free-standing architecture is particularly interesting as it maximizes
index contrast and minimizes parasitic optical interactions, representing what
is arguably the most optically clean realization of multilayer metasurface.
Unfortunately, such structures have not yet been fabricated at our institute, and
exploring their realization in our facilities is one of the central motivations of
the present work. The following chapter describes the experimental methods and
nanofabrication techniques employed throughout this work to work towards this
goal.

a) b) c)

d) e)

Figure 2.1: Representative multilayer metasurface architecture and functionalities.
(a,b) Bilayer metasurface for full-space meta-holography enabling independent
holographic images in transmission and reflection together with corresponding
unit-cell design composed of stacked metallic and dielectric nanobricks. (c)
Free-standing bilayer dielectric metasurface and corresponding SEM image. A (d,e)
Cascaded multilayer metasurfaces for spectral multiplexing shown as conceptual
illustration (d) and schematic representation of the multilayer architecture (e).
Figures are adapted from [55, 57, 58].
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3. Experimental Methods

3.1 Electron beam lithography

In electron beam lithography (EBL) a focused beam of electrons is used as the
exposure source, enabling fabrication of structures with nanometer-scale resolution.
This chapter is based on following literature [60, 61].

Unlike conventional optical lithography, which relies on electromagnetic
radiation, EBL employs accelerated electrons as the writing source. This eliminates
the need for photomasks and enables direct writing of arbitrary patterns with
extremely high resolution. The electron beam is focused by electromagnetic lenses
to a spot size of a few nanometers and scanned across the substrate in controlled
manner, allowing fabrication of structures with dimensions approaching ≈10 nm.
The minimum achievable spot size is determined by the diffraction limit, which in the
case of electrons depends on the accelerating voltage - higher voltages yield shorter
de Broglie wavelengths and therefore smaller spot sizes. The achievable resolution in
EBL is mainly determined by the interaction of the incident electrons with both resist
and substrate material. As electrons penetrate the sample, they undergo multiple
elastic and inelastic scattering events, leading to broadening of the exposed region
inside the resist. Forward scattering inside the resist slightly increases the beam
diameter, while backscattered electrons originating from the substrate can expose
nearby regions surrounding the intended pattern. This phenomenon, commonly
referred to as proximity effect, becomes particularly important for nanostructures
with small periodicity, such as metasurfaces. The magnitude of the proximity effect
strongly depends on the acceleration voltage, resist thickness, substrate material,
and pattern density. Higher acceleration voltages generally reduce forward scattering
and improve resolution, but also increase the penetration depth of the electrons
into the substrate. For dielectric substrates, an additional complication arises from
charge accumulation during exposure, which can locally deflect the electron beam
and distort the written pattern.

Although EBL offers exceptional resolution and flexibility, its serial writing
process results in low throughput and long exposure times, making it more suitable
for prototyping and research applications. A key component of the process is the
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resist, a thin polymer layer applied on the substrate, typically by spin-coating, with
thicknesses ranging from tens to hundreds of nanometers, depending on what is your
next step after lithography. The choice of resist and exposure conditions strongly
influences the final pattern quality. Resist used in EBL are commonly classified as
positive or negative. In positive resists, electron exposure breaks polymer chains,
which increases the solubility in the developer, resulting in removal of exposed areas.
In contrast, negative resists undergo cross-linking upon exposure, which reduces
the solubility in the developer resulting in removal of unexposed areas. Schematic
illustration of development of patterned structure on positive and negative resist is
shown in Figure 3.1.

Negative resist

Positive resist

Electron beam

Figure 3.1: Schematic illustration of the electron beam lithography process using
negative and positive resists. In the negative resist process (top), the exposed
regions become insoluble after electron exposure and remain on the substrate after
development. In the positive resist process (bottom), the exposed regions become
soluble and are removed during development, leaving behind the desired pattern.

In addition to the resist properties, the exposure parameters play a crucial
role in defining the final structures. The electron dose determines the amount of
energy delivered to the resist and must be carefully optimized to achieve the desired
pattern without under- or overexposure. Insufficient dose can lead to incomplete
development, while excessive dose may result in feature broadening and loss of
resolution, particularly in dense periodic structures affected by proximity effect.
Another important parameter is write field size, which defines the area that can
be exposed without stage movement. Large patterns are divided into multiple
write fields and stitching between them can introduce alignment errors that affect
pattern continuity and accuracy. Although smaller write fields generally reduce
beam deflection errors and improve patterning accuracy within a single field, they
also increase the number of stitched fields required for larger structures.
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With the exposure parameters established, the next step in the fabrication
process was the deposition. While multiple deposition techniques exist, atomic layer
deposition was selected for this purpose, as its conformal and self-limiting growth
mechanism makes it particularly well suited for the fabrication of high aspect ratio
nanostructures with precise thickness control.

3.2 Atomic layer deposition

Atomic layer deposition (ALD) is a thin-film deposition technique that enables
precise control of the film thickness at the atomic scale. It is based on sequential,
self-limiting surface reactions between gaseous precursors and substrate, allowing for
highly uniform and conformal coatings [62]. The ALD process consists of repeated
cycles, each involving two or more precursor exposures separated by purge steps.
In typical cycle, the first precursor, let us call it precursor A, is introduced into
the reaction chamber, where it adsorbs onto the substrate surface by reacting with
available active sites (usually -OH groups). This reaction is self-limiting, meaning
that once all reactive surface sites are occupied, no further adsorption occurs. In
next step, an inert gas (typically nitrogen or argon) is used to purge excess precursor
A and any gaseous by-products from the chamber, preventing unwanted gas-phase
reactions. Then, the second precursor, let us call it precursor B, is introduced and
reacts with the surface species created during the first step. This reaction forms
a thin layer of the desired material while regenerating reactive sites for the next
cycle. At last, second purge removes excess precursor B and reaction by-products,
completing full ALD cycle. The process is schematically illustrated in Figure 3.2.
The quality and uniformity of ALD films strongly depend on precise timing of the
individual process steps. The precursor pulse duration must be sufficiently long
to ensure complete saturation of all available surface sites. On the other hand,
excessively long pulses do not increase the growth rate and may lead to unnecessary
precursor consumption. Similarly, the purge time between precursor exposure must
be carefully optimized to fully remove excess precursor molecules and reaction
by-products from the chamber. If the purge time is not optimized and the purge
is insufficiently long it causes pulse overlap [63]. Insufficient purging can result
in unwanted gas-phase reactions between the precursors, leading to non-uniform
growth and degradation of film quality. In addition, the deposition temperature
must remain within the so-called ALD window, where the surface reactions preserve
their self-limiting behavior. Outside the ALD window, precursor condensation
or thermal decomposition may occur, negatively affecting the growth process and
film properties [64]. The growth per cycle is typically on the order of fraction of
nanometer and depends on the specific precursor chemistry and process conditions,
such as temperature and pressure. The process is usually carried out within a specific
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temperature window, known as the ALD window, in which the growth rate remains
constant. Common materials deposited by ALD include oxides as Al2O3, HfO2 and
TiO2, nitrides and metals [62, 63].

ALD processes can be distinguished by mechanism that drives the surface
reactions on thermal ALD and plasma-enhanced ALD. In thermal ALD, the
reactions are driven purely by thermal energy, requiring the sample to be helds
at sufficiently large temperature. In plasma-enchanced ALD, a plasma is used to
generate reactive radicals that can drive surface reactions at lower temperatures.

Despite its advantages, however, ALD is relatively slow compared to other
deposition techniques due to its cyclic nature. But its thickness control,
uniformity and conformal deposition ability make it really suitable for metasurface
nanofabrication. Once the material is deposited the desired nanostructures must
still be physically defined, this task is typically accomplished through dry etching
techniques.

3.3 Dry etching techniques

Dry etching techniques are widely used in micro- and nanofabrication for
controlled material removal and surface modification. In contrast to wet chemical
etching, dry etching processes are typically plasma-based and provide improved
anisotropy, pattern transfer fidelity and compatibility with nanoscale fabrication
[65]. Depending on the dominant mechanism, dry etching techniques may rely on
chemical reactions, physical bombardment or combination of both effects. Among
the plasma-based dry etching techniques, reactive ion etching was investigated for
resist removal due to its ability to selectively etch organic materials using oxygen
plasma.

3.3.1 Reactive ion etching

Reactive ion etching (RIE) is plasma-based dry etching technique used for controlled
and anisotropic material removal from substrate. The process combines chemical
reactions with directional ion bombardment, enabling precise pattern transfer in
micro- and nanofabrication [66, 67]. The process takes place in vacuum chamber
where a process gas is introduced and ionized by an applied radio-frequency electric
field forming a plasma. Schematic illustration of chamber is shown in Figure 3.3.
This plasma contains mixture of ions, electrons and neutral reactive species, called
radicals. Although electrically neutral, these radicals are highly chemically reactive
due to their unpaired valence electron. Due to the high mobility of electrons
compared to ions in the radio-frequency electric field, a negative DC self-bias is
formed at the substrate surface. As a result, positive ions are accelerated toward
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Precursor B

Figure 3.2: Schematic illustration of a single atomic layer deposition (ALD) cycle.
During the first half-cycle, precursor A is introduced into the chamber and reacts
with the available reactive sites on the substrate surface. The reaction proceeds until
all available surface sites are occupied, resulting in a self-limiting process. Excess
precursor molecules and reaction by-products are subsequently removed during the
purge step. In the second half-cycle, precursor B reacts with the surface species
formed during the first step, creating a thin layer of the desired material while
regenerating reactive surface sites. A second purge step removes the remaining
precursor molecules and reaction by-products, completing one ALD cycle.

the substrate with significant energy, primarily in a direction perpendicular to the
surface [68, 69]. These energetic ions subsequently participate in the etching process
together with radicals. For this reason material removal in RIE occurs through
two different mechanisms. The first is chemical etching, where reactive radicals
interact with the substrate material to form volatile compounds. The second is
physical sputtering, where energetic ions bombard the surface enhancing the removal
of material. The combination of these effects allows for efficient and controllable
etching.

The etching characteristics depend on several parameters. The gas composition
determines the chemistry of the reactive species and therefore the chemical selectivity
towards the etched material - for example, fluorine-based gases such as SF6 are
commonly used for silicon etching [66], chlorine-based gases tend to be preferred for
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metals [70] and oxygen-based for organic compounds [71]. The chamber pressure
affects the mean free path of the ions and radicals - lower pressures lead to more
directional ion bombardment and better anisotropy, while higher pressures favor
chemical etching and make the process more isotropic. The RF power controls the
density of the plasma and the flux of reactive species, which directly affects the etch
rate. The substrate bias then controls the energy of the ions hitting the substrate -
higher bias increase the physical sputtering, which improves anisotropy and allows
etching of materials that would otherwise be chemically resistant. By adjusting
these parameters, it is possible to control the etch rate, selectivity and anisotropy
of the process.

While RIE combines chemical and physical mechanisms to achieve selective and
anisotropic etching, material removal can also be realized through purely physical
sputtering processes such as ion beam etching.

RF Power source
Pump out

Gas inlet

Self bias

Figure 3.3: Schematic illustration of the reactive ion etching process. A process gas
is introduced into the vacuum chamber and ionized by an applied radio-frequency
(RF) electric field, forming a plasma containing ions and reactive species. Due to the
formation of a negative DC self-bias at the substrate surface, positively charged ions
are accelerated toward the sample, where the combined effect of chemical reactions
and ion bombardment enables anisotropic material removal.

3.3.2 Ion beam etching

Ion beam etching (IBE), also referred to as ion milling, is a physical dry etching
technique based on the sputtering of material from a substrate by energetic ions of
inert gases. In contrast to RIE, IBE relies primarily on momentum transfer rather
than chemical reactions.
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In IBE process, ions are generated in a separate ion source and accelerated
toward the substrate in the form of a directional beam [72]. In most cases, inert
gases such as argon are used to avoid chemical interactions with the substrate. The
ions are accelerated by an electric field onto the sample surface. When the energetic
ions strike the substrate, they transfer momentum to surface atoms, causing them
to be ejected from the material. Schematics of this mechanism can be seen in
Figure 3.4. This process leads to material removal. Since the mechanism is purely
physical, IBE can be used to etch wide range of materials, including those that are
chemically inert or difficult to process using reactive plasmas. A key feature of ion
beam etching is the high degree of directionality. The ion beam is well-collimated,
allowing for precise control of the incidence angle and enabling highly anisotropic
etching profiles. The angle of incidence strongly influences the sputtering yield and
final etch profile, while tilted incidence angles may also lead to shadowing effects and
redeposition of sputtered material on the sidewalls [73]. However, due to the absence
of chemical selectivity, the etch rates of different materials are often similar, which
can make selective etching challenging. In applications where selectivity between
different materials becomes critical, chemically assisted etching techniques offer a
good alternative. One such approach is microwave plasma etching, which will be
discussed in the following section.

Rotating platform

Gas inlet

Neutralizer

Loadlock

Secondary Ion Mass 
Spectrometer

Extraction grid

Plasma

Excitation Coil

Pumps out

Figure 3.4: Schematic illustration of the ion beam etching (IBE) system. Ions
generated in the plasma source are extracted and accelerated toward the substrate
using an extraction grid, forming a directional ion beam. The energetic ions
sputter material from the sample surface through momentum transfer, enabling
highly anisotropic material removal. A neutralizer is used to compensate charge
accumulation during the etching process, while a secondary ion mass spectrometer
(SIMS) can be employed for in-situ monitoring of the sputtered species and process
control.
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3.3.3 Microwave etching

Microwave plasma treatment represents a low-damage plasma-based dry processing
technique commonly used for surface cleaning and activation. In these systems,
plasma is generated by microwave radiation, typically at frequency 2.45 GHz. The
process is carried out in vacuum chamber where a process gas (commonly oxygen
or argon) is introduced and ionized by the microwave field. Unlike capacitively
coupled plasma systems like RIE, microwave plasmas do not rely on an electrode bias,
resulting in low ion energies and reduced ion bombardment. As a result, microwave
plasma treatment is primarily driven by chemically reactive species and radicals
rather than physical sputtering. This makes the technique particularly suitable
for gentle surface cleaning, removal of organic contaminants and surface activation
without significant damage to delicate nanostructures [74].
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4. Results

In the following sections, the optimization of the fabrication process, the
realization of free-standing bilayer metasurfaces, and the fabrication and optical
characterization of a single-layer metapolarimeter are presented and discussed.

4.1 Optimization of fabrication

The primary motivation of this work was the fabrication of TiO2 free-standing
bilayer metasurfaces. However, since the bilayer fabrication process directly builds
upon the single-layer fabrication approach, optimization of the individual fabrication
steps was first carried out for single-layer structures. Establishing a reliable
single-layer process was essential before extending the fabrication towards more
complex multilayer architectures. The fabrication of the nanostructures involves
a sequence of several steps, each of which plays an important role in the final
structure quality. The workflow consists of spin-coating of the positive resist.
Then electron-beam lithography (EBL) is used to define the nanostructure patterns
followed by development of the exposed resist Into the patterned holes, TiO2 is
subsequently deposited using atomic layer deposition (ALD). Since ALD provides
conformal coverage of the sample, ion beam etching (IBE) is used to remove the
excess material. Finally, resist was removed using microwave etching in pure oxygen
plasma. Schematically this process is illustrated in Figure 4.1. Optimization of each
of these steps will is thoroughly described in the following text.

4.1.1 Preparation of samples

Since the metasurface should work in visible spectral region, substrate with suitable
optical properties in this range had to be selected. Because many metasurfaces
functions in transmission regime, 300𝜇m silicon dioxide (SiO2) was chosen as the
substrate material due to its high transparency in the visible region [75]. The
thickness of the substrate was not critical parameter and was mainly determined
by wafer availability.

EBL presents several challenges related to the resist itself - poor adhesion to
inorganic substrates [76, 77] and charge accumulation during exposure on dielectric
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Figure 4.1: Schematic illustration of the fabrication process. From left to the
right: spin-coating of the positive resist on a SiO2 substrate, EBL patterning and
development, ALD deposition of TiO2, ion beam etching of the excess TiO2 layer
and resist removal to reveal the final nanostructures.

materials are among the most common [78]. To address these problems, an
adhesion promoter and conductive coating were used in addition to the resist
during spin-coating. Adhesion promoters are thin chemical layers applied to the
substrate surface prior to resist coating, This improves the bonding between the
resist and the substrate by modifying the surface chemistry to enhance wettability
and adhesion. Generally, they are applied from vapor phase in an oven or as
a liquid by spin-coating, depending on the specific used chemical. Throughout
this work two adhesion promoters were used - AR 300-80 New from Allresist, a
liquid promoter applied by spin-coating, and HMDS (hexamethyldisilazane), which
is adhesion promoter deposited from vapors [79]. Initially, I used AR 300-80 New,
which is applied by spin-coating for 1minute at 4000 rpm followed by baking at
180∘C. At this temperature, the promoter reacts with the substrate surface to form
stable Si-O bonds, leaving a covalently bound hydrophobic monolayer that improves
resist wetting and adhesion. The excess promoter is then removed by rinsing with
acetone or isopropanol, while the monolayer remains intact. Later, I switched to
HMDS, which works by bonding to the oxidized substrate surface and forming a
hydrophobic layer, similarly improving resist adhesion, becuase it showed superior
adhesion compared to AR 300-80 New. The summary of adhesion promoters and
how they are applied is in Table 4.3.

As was stated in chapter introduction, positive resist is needed to create a mask
for the subsequent ALD deposition. We can distinguish two main chemical groups
of available positive resist: CSAR-based (chemical semi-amplified resist, based
on poly𝛼-methylstyrene-co-methyl chloroacrylate) and PMMA-based (polymethyl
methacrylate) resists. Each was available in multiple concentrations, as summarized
in Table 4.1.

Because resist layer directly defines the height of the fabricated nanostructures,
the choice of resist thickness is critical parameter. High-aspect ratio nanostructure
are desirable for metasurface applications, as taller structures provide greater phase
accumulation. A target nanostructure height of 500 nm was selected as reasonable
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Table 4.1: Overview of the e-beam resist materials considered for the fabrication
process, including their chemical type, product label, achievable thickness range,
developer and corresponding product datasheet.

Chemical type Resist Thickness range Developer Information
PMMA-based 950K AR-P 679.02 60–120 nm AR 600-56 [80]

950K AR-P 679.04 220–630 nm AR 600-56 [80]
600K AR-P 669.04 180–460 nm AR 600-56 [80]

CSAR-based AR-P 6200.13 350–720 nm AR 600-546 [81]
AR-P 6200.04 80–250 nm AR 600-546 [81]

compromise between phase control and fabrication feasibility, requiring a resist
capable of forming layer of at least this thickness. Based on these requirements,
two candidates were chosen: the PMMA-based resist 950K AR-P 679.04 and the
CSAR-based resist AR-P 6200.13 from Allresist. According to the manufacturers’
datasheets, both resist should produce layers in the required thickness range at
specific spin-coating speeds. In my case resist thickness was an important parameter
as it directly determined the height of the fabricated nanostructures, making it
necessary to get as close to 500 nm as possible. For this reason, I used a spectroscopic
reflectometer Ocean Optics NanoCalc 2000 to determine the real thickness of the
resist on spin-coating speed. This method is suitable because both resists are
sufficiently transparent under visible light, allowing fast and reliable thickness
measurements [82]. However, this method requires a reflective substrate so the test
samples were prepared on the polished silicon samples rather than SiO2 substrates.

It should be noted right away that the IBE step, which is used to remove the
excessive TiO2 layer deposited on top of the resist, inevitably etches a certain
amount of the resist itself. Based on experience with this process, approximately
40–50 nm of already exposed layer is consumed during IBE. This must be taken
into account when selecting the resist thickness, which should therefore exceed the
target nanostructure height by at least this margin. For the PMMA-based 950K
AR-P 679.04, a spin-coating speed of 1400 rpm for 1minute was selected, yielding
a thickness of approximately 530 nm. Although this is slightly below the ideal
margin, lower spin speeds resulted in poor homogeneity across the substrate surface,
making 1400 rpm the best compromise between thickness and uniformity. For the
CSAR-based resist AR-P 6200.13, a spin-coating speed of 2700 rpm for 1minute
was selected, yielding a thickness of approximately 554 nm with good homogeneity
across the surface. Both resists were subsequently soft-baked on a hotplate to
remove residual solvent and improve adhesion to the substrate [83]. For 950K AR-P
679.04, a bake at 150∘C for 3minutes was used, while AR-P 6200.13 was baked
at 150∘C for 2minutes, following manufacturers recommendations. In the bilayer
fabrication process, AR-P 6200.13 was primarily selected as the bottom resist layer,
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Table 4.2: Summary of spin-coating settings, resulting resist thicknesses, and
softbake parameters for the two electron beam resists used in this work

Spin-coating settings Thickness Softbake parameters
950K AR-P 679.04 1400 rpm for 1min 530 nm 150∘C for 3min

AR-P 6200.13 2700 rpm for 1min 554 nm 150∘C for 2min

while PMMA-based 950K 679.04 was selected as the top layer. This decision came
from fact that the CSAR-based resist are usually better during longer processing,
because they have better thermal stability. For better overview, the spin-coating
parameters are summarized in the Table 4.2.

As mentioned before, charge accumulation during electron beam exposure is
another common issue in EBL, particularly on dielectric substrates such as SiO2. To
mitigate this, a conductive layer can be applied on top of the resist. One approach
is to deposit a thin metal film, such as titanium or chromium by physical vapor
deposition. However, this requires an additional deposition and etching step. An
alternative is to use a conductive polymer coating, such as AR-PC 5092.02 (or
Electra 92), which can be simply spin-coated on top of the resist and removed by
rinsing with deionized water before development. Due to its simpler application,
Electra 92 was used in this work. It was spin-coated at 2500 rpm for 1minute,
yielding a thickness of approximately 45 nm according to the datasheet, followed by
baking on hotplate at 90∘C for 2minutes to get rid of the residual solvent. The
adhesion promoters and conductive coating used in this work, along with their
application method, are summarized in Table 4.3.

Table 4.3: Overview of the additional chemicals used during spin-coating, including
adhesion promoters and conductive coatings, along with their application method
and corresponding product datasheet.

Type Material Application Product information
Adhesion HMDS vapor deposition in oven [84]
promoter AR 300-80 New spin-coating [83]
Conductive AR-PC 5092.02 spin-coating [85]
coating Ti, Cr physical vapor deposition

At the beginning of the optimization process, a simple test metasurface design
was used. The test metasurface consisted of arrays of rectangular nanostructures
with varying lateral dimensions ranging from 300×300 nm2 down to 40×40 nm2 with
step of 20 nm in both lateral directions, while the periodicity was fixed at 500 nm.
Metasurface is 200×200𝜇m2 and the arrays in the metasurfaces are 10×10𝜇m2.
The structure was primarily used for optimization of the fabrication process and
evaluation of the quality of the achieved fabrication. The relatively simple geometry
also enabled significantly shorter EBL exposure times, making the structure more
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suitable for optimization of the fabrication parameters. Schematic of the tester
metasurface is shown in Figure 4.2.
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Figure 4.2: Test metasurface design used for fabrication process optimization,
consisting of arrays of rectangular nanostructures with lateral dimensions ranging
from 300×300 nm2 down to 40×40 nm2 with step size 20 nm. The periodicity was
fixed at 500 nm.. The inset shows a detailed view of a single array with dimensions
of 10×10𝜇m2, and the right panel shows a schematic of an individual nanostructure
with target height 500 nm.

The EBL exposures were performed using and scanning electron microscope
(SEM) TESCAN Mira3 equipped with the electron-beam writer Raith ELPHY. An
acceleration voltage of 30 kV was used during exposures, as this voltage provides
the smallest spot size on this system. This acceleration voltage is also highest
possible acceleration machine can achieve. An exposure dose of 160𝜇C/cm2 was used.
This dose was determined empirically, as initial dose 100𝜇C/cm2 proved insufficient,
yielding no visible pattern after development. Finally for the write field size, I used
write field with size 100×100𝜇m2. This is a small write field, however, considering
the design I used, its size is reasonable. This small write field enables more accurate
patterning within each field, but comes at the cost of increased stitching between
adjacent fields.

The stitching of the write fields presents a problem for patterning of the
continuous structures such as waveguides [86], where even small alignment errors
yields to discontinuities that hinder the overall waveguide functionality. In the case
of metasurfaces, however, slight stitching errors on the order of several nanometers,
typically around 10-20,nm for the TESCAN Mira3 system, are not expected to
significantly influence the resulting structures. This is mainly because metasurfaces
consist of periodic arrays of spatially separated nanostructures that enhance and
alter the light locally. Therefor small positional deviations within the array
due to the stiching error has only a minor influence on the overall functionality.
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Consequently, the use of multiple stitched write fields did not lead to noticeable
degradation of the fabricated patterns.

After EBL exposure, the samples were developed in order to remove exposed
regions of the positive resist. Prior to development, the samples were rinsed in
deionized water to remove the conductive layer Electra 92 used during the exposure.
Subsequently, the samples were immersed in developer AR 600-546 for 2minutes
[87]. After development, the samples were transferred into isopropyl alcohol, which
served to stop further development. The developed resist with pattern subsequently
served as a template for the conformal TiO2 deposition performed by ALD.

Throughout this work, two ALD machines were used. Initially, depositions were
performed using Atomic layer deposition systems Ultratech/Cambridge NanoTech
Fiji 200. Since the nanostructures are fabricated within the developed resist, the
deposition temperature had to be kept sufficiently low to prevent the resist from
exceeding its glass transition temperature over long time.

After exceeding the glass transition temperature, the resist undergoes structural
changes that can compromise the pattern profile or prevent its complete removal
after processing. For AR-P 6200.13 the glass transition temperature is around 148∘C,
while AR-P 679.04 has glass transition temperature lower around 105∘C.

Fiji features a large chamber, which, while versatile, results in significantly longer
deposition times. Since we deposit material directly on the resist, plasma-enhanced
ALD is unacceptable, as the reactive radicals from plasma could directly react
with resist damaging the pattern. For this reason thermal ALD was selected.
Specifically low-temperature recipe for deposition of TiO2, which was developed
and kindly provided to me by Ing. Ondřej Červinka. Deposition takes place at
temperature of 90∘C, and uses tetrakis(dimethylamido)titaniumm (TDMAT) and
H2O as precursors, with pulse time of 400ms and purge time of 10 s for TDMAT,
and pulse time of 200ms and purge time of 7 s for H2O. The expected deposition
rate was ≈ 0.74Å per cycle, based on Ondřej’s previous work [88]. To verify
the parameters, two test depositions were performed at 2300 and 3000 cycles,
yielding layers of approximately 280 nm and 350 nm, corresponding to deposition
rates of 123Åand 116Åper cycle, respectively. The thickness measurements were
carried out by me using spectroscopic reflectometry and also by my friend Bc.
Radim Slovák using spectroscopic ellipsometry on J.A. Woollam RC2 Mapping
Spectroscopic Ellipsometer. The high deposition rate also compromise the quality
of the deposited layer, since unusually high growth rates in ALD may indicate
departure from the ideal self-limiting growth regime and the presence of parasitic
chemical vapor deposition-like reactions, which can negatively affect film uniformity
and material quality [89]. The initial hypothesis was that the TDMAT precursor
was nearly depleted, which can cause irregular deposition behavior. After consulting
with the machine guarantor, it was decided to switch to second ALD system, as my
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hypothesis was not correct and the issue could not be reliably resolved on the Fiji.
The second machine used was Beneq TFS 200, a system with a compact chamber,

which results in considerably shorter deposition times compared to the Fiji. There,
I used general user ALD recipe for deposition of TiO2 at 90∘C TiCl4 and H2O as
precursors, with pulse and purge times of 150ms and 3 s for TiCl4 and 150ms and 5 s
for H2O, respectively. The deposition was performed again at 90∘C. Similarly, two
test depositions were performed first at 2500 and 3000 cycles, yielding 125.4 nm and
152 nm, corresponding to deposition rates of 0.5Å and 0.51Å per cycle, respectively.
These were measured using only spectroscopic reflectometry. Unlike the Fiji, these
values are in excellent agreement with each expected deposition rate for this recipe on
this machine and consistent, confirming reliable and consistent deposition behavior.

An important advantage of using ALD for this process is its suitability for
high-aspect-ratio nanostructures. Since ALD growths conformally, the height of the
deposited nanostructures is not determined by the deposition itself, but rather by the
lateral dimensions of the holes defined during EBL. As illustrated in Figure 4.3, when
the layer grows on the walls of the holes, the effective opening gradually narrows
until the holes are completely filled. Therefore, for the largest lateral dimensions
in my tester metasurface of 300×300𝜇m2, a minimum deposition of 150 nm was
required to ensure complete filling. Since 3000 cycles yielded thickness of 152 nm,
which leaves virtually no margin, 3100 cycles were used in order to ensure complete
filling. It should be noted that the process also deposits a continuous layer on top
of the resist, which cannot be removed by standard lift-off process and therefore
requires something like IBE.

Figure 4.3: Schematic illustration of the conformal TiO2 atomic layer deposition
into patterned resist holes, illustrating the progressive filling of the nanostructures
and formation of a continuous layer on top of the resist.

The excess TiO2 layer deposited on top of the resist was removed by IBE using the
SCIA Systems Coat 200. The etching was performed at tilt angle 60∘ with a sample
rotation of 10 rpm, which improves etch uniformity and minimizes redeposition onto
the sidewalls of the nanostructures. The ion beam source was operated at 300W
with an acceleration voltage of 400V and beam voltage of 400V, these parameters
were established from previous experience with this system and are known to provide
reliable etching results for this type of process. Backside helium cooling was applied
at flow rate of 10 sccm to prevent excessive heating of the sample during etching.
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The etch endpoint was monitored using secondary ion mass spectrometry (SIMS),
which detects changes in the secondary ion signal as the etching transitions between
materials [90], allowing precise determination of when the top TiO2 layer is fully
removed. An additional 60 s of etching was performed after the endpoint was
confirmed to ensure complete removal. The process was then finished with extra
1minute etch at a reduced tilt of 40∘ to remove material redeposited during the
main etching step. Endpoint detection signal is shown in Figure 4.4. As we can
see there are three types of titanium signals, due to titanium having more naturally
occuring isotopes, in SIMS this is used to increase reliability. The signal remained
stable for approximately 19minutes, after which it began to drop, indicating that
the conformal TiO2 layer was being cleared. Once the signal reached a count
rate of approximately 1000-10000, an additional 1minute of etching was performed
to ensure complete removal before terminating process. From the etch duration
and the known layer thickness, the etch rate was estimated to be approximately
6.52 nm/min. Unfortunately, at the start of May the turbomolecular pump of the
endpoint detection system failed, rendering the SIMS unavailable for the remainder
of the experimental work. For the subsequent samples, the etch duration was
therefore estimated based on this established etch rate.

Resist removal proved to be one of the most challenging steps in the fabrication
process. In general, two approaches can be used for the resist removal: wet etching

Figure 4.4: SIMS signal recorded by the endpoint detection system during
IBE of TiO2 excessive layer. The three traces correspond to different titanium
secondary ion signals, due to titanium naturally occuring in more isotopes, are
monitored throughout the process. The signal remains approximately constant in
first 19minutes, followed by dropping indicating removal of layer. At minute 25 the
process was terminated. The y-axis in logarithmic scale.
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and dry etching techniques. For wet removal, dioxolane AR 600-71 was considered,
since it is compatible with both PMMA- and CSAR-based resists. However, this
approach presented several practical disadvantages. First, the wet etching process is
relatively slow. More importantly, the fabricated high-aspect-ratio nanostructures
were expected to be mechanically fragile after the removal process. Since wet
processing is typically followed by drying using nitrogen, there was concern, that
drying could deform or collapse the fabricated nanostructures. For this reason,
plasma-based resist removal was investigated as an alternative approach. In this
process, the organic polymer resist reacts with oxygen (O2) plasma and is gradually
removed, while the TiO2 nanostructures remain unaffected due to their significantly
higher chemical stability against O2 plasma. Initially, RIE was attempted using the
Oxford Instruments PlasmaPro 80, with pure O2 plasma, to ensure removal of only
resist. The set parameters were O2 at flow rate of 30 sccm, pressure of 100mTorr
and RF power of 50W. The higher pressure was chosen to decrease free mean path
of ions, thus decreasing the ion bombardment of the subtrate surface, while the RF
power was set as low while still reliably striking and maintaining the plasma. While
this successfully removed the resist, the process was way too aggressive and caused
the nanostructures to collapse. We can see that in Figure 4.5.

Reducing the RF power to 10W improved the situation while still maintaining a
stable plasma, however the self-bias remained at 72V indicating that the process was
not purely chemical and still contained a significant ion bombardment. While test
arrays showed promising results with well-defined upright nanostructures, applying
the same parameters to the metapolarizer design, about which I will talk later, the

a) b)

Figure 4.5: Applying adhesion promoter AR 300-80 New improved the fabrication
of TiO2 nanostructures. (a,b) SEM images showing that while the adhesion promoter
prevented the structures from collapsing, the RIE resist removal process still caused
visible damage to the nanostructures, particularly at the array edges.
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design revealed that the process was still not sufficiently gentle - localized collapse of
the nanostructures was observed in some areas of the array, as shown in Figure 4.6.

2 μm

a) b) c)

d) e)

Figure 4.6: Effect of RF power reduced to 10W on resist removal using RIE.
SEM image of the test array (a) showing promising results with well-defined
upright nanostructures. However, when the same parameters were applied to the
metapolarizer design (b–e), localized collapse of the nanostructures was still observed
in some areas of the array.

This confirmed that RIE was not suitable for this process and a different approach
was needed, thus I switched to a microwave plasma cleaner, the Diener Electronic
NANO, which operates without a DC bias and therefore provides a gentler, purely
chemical etching. At this stage, the adhesion promoter was also changed from AR
300-80 New to HMDS, based on the recommendation of other users that HMDS
provides superior adhesion. Using pure O2 plasma at 80% power, the resist was
successfully removed after approximately two hours and the nanostructures survived
the process cleanly, as shown in Figure 4.7.

4.1.2 Bilayer metasurface fabrication

After optimization of the process for single layer metasurface an attempt was made
to fabricate a free-standing bilayer TiO2 metasurface, inspired by the architecture
demonstrated by Dorrah et al.[58], In this configuration, two layers of TiO2

nanostructures are vertically stacked, with air as the surrounding medium, providing
high refractive index contrast and reduced parasitic reflections.
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Figure 4.7: Successfully fabricated TiO2 nanostructures arrays after switching to
HMDS as the adhesion promoter and O2 microwave etching for resist removal. SEM
images showing well-defined, high-aspect-ratio nanostructures in lateral sizes (a,b),
as well as detailed views confirming the structural integrity and uniformity of the
individual nanopillars (c,d).

The fabrication of such structure follows the same sequence as the single-layer
process, repeated twice. The key to enabling this bilayer approach lies in the selective
development between two resist layers. During the second EBL exposure, part of
the electron beam penetrates into the underlying resist due to electron scattering
effects. However, by using resist layers that respond differently to the corresponding
development processes, the upper exposed layer can be selectively developed while
preserving the underlying layer and the already fabricated nanostructures. This
selective development is important because it preserves the already fabricated first
layer during the second processing step. Schematically this process is shown in
Figure 4.8.

There, CSAR was used as the first layer resist and PMMA as the second. After
completing the full single-layer fabrication - spin-coating, EBL, development, ALD
and IBE - a second resist, as well as conductive coating is spin-coated directly on
top, followed by a second EBL exposure and development. Since PMMA and CSAR
respond to different developers, the second development step selectively attacks only
the PMMA layer without affecting the underlying CSAR, preserving the integrity of
the first layer structures. A second ALD and IBE step then defines the second layer
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Positive resist 1 SiO2 TiO2

EBL 2 ALD 2 IBE 2 
Resist
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Figure 4.8: Schematic illustration of the free-standing bilayer metasurface
fabrication process consiting of two sequention EBL-ALD-IBE cycles using selective
development between the two resist layers. Final resist removal reveals the
free-standing bilayer nanostructures surrounded by air.

of nanostructures, and finally both resist layers are removed together, leaving the
free-standing bilayer TiO2 nanostructures surrounded by air. Despite this elegant
approach, the critical challenge lies in the precise alignment of the second EBL
exposure, with respect to the first layers, as any misalignment directly affects the
optical performance of the device.

To test feasibility of the bilayer fabrication process, a dedicated test metasurface
was designed and fabricated using the optimized TiO2 process described in
the previous chapter. The metasurface consisted of two layers of rectangular
TiO2 nanostructures, each layer composed of 16×16 matrix of arrays, where
each individual array contained 20×20 nanostructures with period of 500 nm,
corresponding to a 10×10 𝜇m2. The top layer consisted of a sweep of rectangular
nanostructures dimensions ranging from 250×250 nm2 in steps of 10 nm, while the
bottom layer was kept fixed at 300×300 nm2 throughout. To evaluate the overlay
alignment accuracy between the two EBL exposures, the entire metasurface was
replicated in a 5×5 matrix, where each copy had a predefined lateral offset of -20,
-10, 0, +10, +20 nm between the top and bottom layers in both directions, with the
central structure corresponding to zero offset. This was in retrospective really low
offset, to be even noticeable.

Global and local alignment markers were used during second EBL exposure in
order to minimize overlay errors between the two fabrication steps. While the
global markers enabled coarse sample alignment, the local markers were used for
fine alignment in the vicinity of the metasurface structures. A write field size of
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Figure 4.9: Schematic illustration of the fabricated bilayer metasurface test
structures. The left panel shows the 5×5 matrix of metasurfaces with intentionally
introduced lateral offsets between the top and bottom layers ranging from -20 nm to
20 nm in both x and y directions. The central structure corresponds to zero relative
offset.

100×100𝜇m2 was selected, and the alignment marks were sized accordingly. The
global and local alignment marks, where in a shape of crosses for focusing with a
length of both arms of 50𝜇m and 10𝜇m, respectively.

An important consideration for the bilayer process is the material of the
alignment marks, which must remain visible through the second resist layer during
the second EBL exposure. Initially, several materials were tested for this purpose,
including gold and chromium. While gold is particularly well suited due to its
strong secondary electron signal, its deposition requires an additional processing
step. It was later realized that the TiO2 marks defined during the first EBL exposure
and subsequent ALD step provide sufficient contrast for alignment in the second
exposure, eliminating the need for any additional mark deposition step.

Exposure parameters were chosen for each resist layer independently. For AR
6200.13, an exposure dose of 160𝜇m/cm2 was used. Following exposure, the
conductive coating Electra 92 was rinsed off with deionzied water, and the resist was
developed in AR 600-546 fpr 2minutes, followed by 30 second stop in isopropanol.
After development, the already established process - 3000 cycles of ALD TiO2

deposition followed by IBE to remove the excessive material from the surface,
completing the first nanostructure layer.

For the second layer, a 950K AR-P 679.04 was used. Since the target
nanostructure height was kept at 500 nm for both layers, a spin-coating recipe of
14000 rpm for 1minute was used, yielding a thickness of approximately 530 nm. A
conductive coating was again applied on top of the resist prior to exposure. The
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exposure dose was set to 350𝜇C/cm2, which is a typical dose for PMMA, that
can be found in datasheets. After exposure of second layer, conductive coating
was rinsed off with deionized water, and the resist was developed in AR 600-56 -a
different developer compared to the CSAR process. The subsequent steps followed
the same procedure as established for the first layer. Final structures can be seen
in Figure 4.10.
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Figure 4.10: optical microscope and SEM images of the fabricated free-standing
bilayer metasurface structures. a) Optical microscope image of the fabricated
metasurface array with local marks around it for precise alignment. b) Optical
microscope image of the global alignment marker used during the second EBL
exposure. c) SEM image of collapsed bilayer nanostructures with smaller lateral
dimensions, illustrating the limitations of the current fabrication process for dense
high-aspect-ratio structures. d) top-view SEM image of a bilayer metasurface
composed of square nanoposts. e) SEM image of larger bilayer rectangular nanofins
exhibiting good structural stability and definition. f) SEM image of another bilayer
nanofin array with larger lateral dimensions, where the rounded shape and reduced
lateral definition of the structures can be observed.

Despite the fact that the fabrication process was not fully optimized for smaller
structures yet, the bilayer structures fabricated using the selective development
process were successfully realized and exhibit good structural stability. The
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fabricated nanostructures withstood the final resist removal step without significant
deformation or collapse, demonstrating the feasibility of the developed free-standing
bilayer fabrication approach. Moreover, the SEM images confirmed that the
fabricated structures closely matched the intended designs, and even these first
fabrication attempts yielded highly promising results. Further optimization of the
exposure conditions, particularly for the PMMA resist layer, is expected to improve
the definition of the smallest features even further.

4.2 Metapolarimeter

As the fabrication of the bilayer metasurface proved to be a time-consuming and
technically demanding process, a decision was made in parallel to fabricate a
single-layer advanced metasurface - metapolarimeter based on design of Ing. Martin
Hrtoň, Ph.D.

4.2.1 Design and fabrication

While simpler from a fabrication standpoint, this device represents and advanced
metasurface design, combining two optical functions within a single device - a
metalens with focal point in 2mm and waveplate with retardation of 3𝜋/4. The
metasurface consists of rectangular TiO2 nanofins with target height of 500 nm
and periodicity of 500 nm as well. The design consists of two nanofins geometries:
214×80 nm2 and 164×90 nm2. The metalens focuses incident light through a
spatially varying phase profile, while the waveplate functionality is achieved by
rotating the rectangular nanofins across the metasurface. The device was optimized
for operation at wavelength of 532 nm in transmission regime. The combination
of these two function produces a characteristic polarization-dependent point spread
function (PSF) in the focal plane allowing the Stokes parameters to be determined
for an arbitrary input polarization state. The detail theoretical background of this
design is beyond the scope of this thesis. Schematically you can see the design in
Figure 4.11.

Optimized process parameter in previous chapter enabled the successful
fabrication of the this metapolarimeter, yielding well-defined, high-aspect ratio
TiO2 nanostructures as shown in Figure 4.12. The process used AR-P 6200.13
as a electron beam lithography resist. Based on the SEM characterization, the
previously empirically selected exposure dose of 160𝜇m/cm2 provided good overall
pattern fidelity. This metapolarimeter was subsequently measured to evaluate its
optical functionality. It should be noted that the final nanostructure height was
approximately 450 nm instead of the intended 500 nm. During the fabrication of
this metasurface, endpoint detection set up was at this point unavailable. Lateral

38



Pillar rotation Retardation

Lens profile

+π /2

-π /2

θ
(x

,y
)

+π /2

-π /2

Δ
(x

,y
)

+π /2

-π /2

ϕ
(x

,y
)

y
(μ

m
)

x (μm)

+200

+100

0

−100

−200
+200−200 −100 +1000

y
(μ

m
)

x (μm)

+200

+100

0

−100

−200
+200−200 −100 +1000

y
(μ

m
)

x (μm)

+200

+100

0

−100

−200
+200−200 −100 +1000

Figure 4.11: Design of the metapolarimeter metasurface by Ing. Martin Hrtoň,
Ph.D. Top left: spatial distribution of the nanofin rotation angle 𝜃(x,y) across the
metasurface. Top right: corresponding retardation map ∆(x,y) showing a uniform
retardation of 3𝜋/4. Bottom left: lens phase profile 𝜑(x,y) encoding the metalens
functionality. Bottom right: illustration of the resulting nanofin arrangement
showing the spatially varying rotation of the rectangular nanofins.

dimensions where also a bit bigger. Individual meta-atoms, instead of 214×80 nm2

and 164×90 nm2, the lateral sizes around 236×100 nm2 and 186×135 nm2. Later
we will see that on overall functionality of the metasurface, this error in lateral
dimensions did not have significant influence.

4.2.2 Optical measurements

Polarimetry is an optical technique used for characterization of the polarization
state of light. Since polarization carries important information about the optical
field and its interaction with matter, polarimetric measurements are widely used in
optics microscopy and imaging applications [91]. One of the most used descriptions
of polarizations is the Stokes formalism, in which the polarization state of light is
represented by four Stokes parameters collected into the Stokes vector [52, p. 388]
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S = (𝑠0, 𝑠1, 𝑠2, 𝑠3). (4.1)

Here 𝑠0 corresponds to the total intensity of light, while 𝑠1, 𝑠2, 𝑠3 describe the
polarization state. Specifically, 𝑠1 represents intensity difference between horizontal
and vertical polarization, 𝑠2 between diagonal polarization states, and 𝑠3 between
right- and left-circular polarization states. For fully polarized light, the stokes
parameters satisfy the relation

𝑠20 = 𝑠21 + 𝑠22 + 𝑠23, (4.2)

which allows the polarization state to be represented geometrically on the Poincaré
sphere. In this representation, linear polarization states lie along the equator of the
sphere, while right- and left-circular polarization states correspond to the north and
south poles, respectively. Elliptically polarized states occupy intermediate positions
depending on their ellipticity and orientation.

Conventionally, the Stokes parameters are determined through several sequential
measurements using combinations of polarizers and wave plates [92, p. 104].
Similarly, metasurface-based polarimeter, presented in this work, carries polarization

2 μm 2 μm

100 μm

a)

2 μm

b)

c) d)

Figure 4.12: Successfully fabricated metapolarimeter. a) optical microscope image
of the full metasurface, showing the Fresnel-like profiles across the 300𝜇m aperture.
(b–d) SEM images revealing well-defined, high aspect ratio TiO2 nanofins with
clearly resolved spatial variation in their rotation across the metasurface.
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information directly into the PSF in the focal plane - anisotropic nanofins interacts
differently with orthogonal polarization components of the incident light, thus
the transmitted optical field becomes polarization dependent. At the same time,
the metalens phase profile causes the transmitted field to interfere in the focal
plane, producing a polarization-dependent PSF. Different incident polarization
states therefore generate characteristic intensity distributions, from which the
corresponding Stokes parameters can be subsequently reconstructed.

The optical characterization of the fabricated metapolarimeter was carried out
with assistance of my supervisor Ing. Petr Viewegh, Ph.D. The optical setup used
for characterization of the metapolarimeter is schematically shown in Figure 4.13.
A 532 nm laser beam is focused into a single-mode optical fibre using an objective
lens. The fibre output produces a coherent spherical wave by a second objective
lens. The collimated beam then passes through a polarizing beam splitter, which
transmits horizontally polarized light, defining the initial polarization state of the
beam. The polarization state is then controlled using a combination of half-wave
plate and quarter-wave plate. The half-wave plate allows manipulation of linear
polarization states along the equator of the Poincaré sphere, while the quarter-wave
plate enables conversion between linear, elliptical and circular polarization states,
allowing any arbitrary polarization state to be prepared.

532 um
Objective

lens
Optical

fiber
Objective

lens
Beam splitter

Half-wave plate

Quarter-wave plate

Polarimeter

Main focal point

Objective 40x

Tube lens
Polarizer

CMOS Chip

Figure 4.13: Schematic of the experimental setup used for metapolarimeter
characterization.

The prepared beam then illuminates the metapolarimeter, whose metalens
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component focuses the light to a main focal point. The focused beam is
then collected by 40× magnification objective lens and directed through a tube
lens. A linear polarizer placed before the camera CMOS chip is used to
distinguish between horizontal and vertical polarization components. The resulting
polarization-dependent PSF is finally projected onto the camera chip, from which
the Stokes parameters of the incident beam can be determined.

During the measurements, the intensity distributions generated by the
metasurface in the focal plane were recorded for various input polarization
states. Representative PSF obtained for selected polarization states are shown
in Figure 4.14, alongside the corresponding theoretically predicted intensity
distributions. As expected, the spatial intensity distribution of the PSF changed
with the incident polarization state, confirming the polarization-sensitive response
of the fabricated metapolarimeter.

While the qualitative agreement between the measured and theoretically
predicted PSFs is clearly visible, a direct visual comparison alone is insufficient
for rigorous quantification of the polarimetric performance. The complex and
spatially varying nature of the PSF make it difficult to extract Stokes parameters
from the measured intensity distributions. To address this, a neural network
developed and trained by Ing. Ondřej Červinka was employed. The network

a) b) c)
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Figure 4.14: Theoretically predicted (a–c) and experimentally measured (d–f)
point spread functions of the fabricated metapolarimeter for selected input
polarization states: left-circular polarization (a, d), linear vertical polarization (b,
e), and right-circular polarization (c, f). The characteristic two-lobe and four-spot
intensity distributions reflect the polarization-dependent response of the device, with
good qualitative agreement observed between experiment and theory.
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Figure 4.15: (a) Distribution of the Stokes parameter reconstruction error
represented by the Euclidean distance, with the dashed line indicating the mean
error. (b) Visualization of the reconstructed polarization states on the Poincaré
sphere compared to the predicted values.

was trained on theoretically calculated PSFs and subsequently applied to the
experimentally measured intensity distributions, comparing the measured PSFs
against the theoretical predictions to extract the corresponding Stokes parameters.
This allowed the polarimetric accuracy of the fabricated device to be quantified
through the Stokes error metric, the results of which are presented in Figure 4.15.
The histogram shows the distribution of measurement errors across a set of 200 input
polarization states, where the error determines how closely the measured polarization
state matches the theoretically expected one.

The relative deviation between theory and experiment ranges from 0 to 0.11,
although on average the deviation is only 0.027. This is satisfying result and it
confirms that the fabricated metapolarimeter successfully reproduces the expected
polarization-dependent response, demonstrating the optical functionality.
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Conclusion

The goal of this thesis was to fabricate and characterize advanced optical
metasurfaces based on TiO2 nanostructures. The experimental work was
focused on two main objectives: developing a reliable fabrication process for
free-standing bilayer metasurfaces, and demonstrating a functional advanced
single-layer metasurface device.

The fabrication process was optimized step by step, starting from single-layer
structures. The CSAR-based resist AR-P 6200.13 was selected as the primary
resist due to its better thermal stability, than PMMA based 950K AR-P 679.04.
HMDS proved superior to the liquid adhesion promoter AR 300-80 New in terms
of nanostructure stability, and Electra 92 was used to mitigate charge accumulation
during EBL on the dielectric SiO2 substrate. Reliable ALD deposition was
established on the Beneq TFS 200 system at a consistent rate of approximately
0.5Å per cycle at 90∘C. The most critical challenge was the resist removal - reactive
ion etching caused collapse of the nanostructures even at reduced power, and the
problem was resolved by switching to a microwave plasma cleaner, which provided
sufficiently gentle purely chemical etching using O2 plasma.

Building on the optimized single-layer process, we successfully fabricated the
first free-standing bilayer TiO2 metasurfaces. The approach relies on selective
development between CSAR and PMMA resist layers, allowing the second
fabrication cycle to be carried out without disturbing the already fabricated first
layer. We found that TiO2 alignment markers from the first cycle provide sufficient
contrast for alignment of the second EBL exposure, eliminating the need for
additional metallic marker deposition. The fabricated bilayer structures showed
good mechanical stability and closely matched the intended designs, representing a
promising first result.

In parallel, a single-layer metapolarimeter combining metalens and waveplate
functionality was fabricated and optically characterized at 532 nm. Despite slight
deviations in the final nanostructure dimensions from the design targets, Stokes
parameter reconstruction using a neural network yielded a mean error of only
0.027 across 200 measured polarization states, confirming the successful optical
functionality of the device.

Future work should focus on systematic optimization of the PMMA exposure
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conditions to improve the dimensional fidelity of the bilayer structures, and on
extending the process toward bilayer devices with full optical functionality.

Overall, both goals of this thesis were successfully achieved. A reliable fabrication
process for TiO2 metasurfaces was established and free-standing bilayer metasurfaces
were realized, alongside a functional metapolarimeter with demonstrated optical
performance. The road to these results was far from straightforward - numerous
technical setbacks were encountered along the way, from equipment failures to
collapsing nanostructures. However, as Albert Einstein once said, "Anyone who
has never made a mistake has never tried anything new."

46



List of Abbreviations

ALD Atomic Layer Deposition

CMOS Complementary Metal-Oxide Semiconductor

CSAR Chlorinated Styrene Acrylate Resist

EBL Electron Beam Lithography

HMDS Hexamethyldisilazane

IBE Ion Beam Etching

PB Pancharatnam-Berry

PMMA Polymethyl Methacrylate

PSF Point Spread Function

RF Radio Frequency

RIE Reactive Ion Etching

SEM Scanning Electron Microscope

SIMS Secondary Ion Mass Spectrometry

SiO2 Silicon Dioxide

TDMAT Tetrakis(dimethylamido)titanium

TiCl4 Titanium Tetrachloride

TiO2 Titanium Dioxide
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