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ABSTRACT
MICRO-3D SCULPTURED METASTRUCTURES

Anil Cagr1 Atak
M.S. in ELECTRICAL AND ELECTRONICS ENGINEERING
Advisor: Hilmi Volkan Demir
June 2023

Today three-dimensional (3D) printers are highly popular and find use in a vast
range of applications thanks to their capability to construct complex 3D struc-
tures. However, 3D-printing vertical structures with a high aspect ratio of height
to width remains a pending challenge especially when a high lateral resolution is
required in large footprints. In this thesis, we propose and demonstrate micro-
3D sculptured metastructures using the idea of constructing deep trenches to
erect their high aspect ratio metal lines along long strips. To generate such
deep-trenched 3D-patterns, our construction relies on nonlinear absorption pro-
cess, enabling the two-photon polymerization (2PP). In our fabrication, the 2PP
process requires optical trajectory optimization, followed by electroplating thick
metal film and dry etching seed layer. To test the developed process flow of 2PP,
we built three-dimensional RF metastructures showcasing the depth effect as a
third dimension. Based on our systematic numerical and experimental studies,
our designed metastructure resonators are found to fall within a targeted specific
operating resonance frequency range, with their resonance frequency being con-
trolled and shifted and their quality factor (Q-factor) tuned as a function of their
cross-sectional aspect ratio. In the thesis, with these proof-of-concept demon-
strations, we show that such 2PP-defined high aspect ratio RF resonators highly
benefit in terms of tunability of their resonance frequencies, along with increased
Q-factor and reduced footprint. The findings of this thesis indicate that the pro-
posed fabrication method of producing deep trenches via 3D-printing provides
rich opportunities to implement high aspect ratio, complex structures that are
highly miniaturized.

Keywords: Deep trenches, three-dimensional printing, two-photon polymeriza-
tion, electroplating, RF metastructures, RF resonators.
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OZET
MIKRO-3D SEKILLENDIRILMIS METAYAPILAR

Anil Cagr1 Atak
Elektrik Elektronik Miihendisligi, Yiiksek Lisans
Tez Danigmani: Hilmi Volkan Demir
Haziran 2023

Giintimtizde tig-boyutlu (3B) yazicilar oldukca popiilerdir ve karmagik 3B yapilar
olusturma yetenekleri sayesinde ¢ok cesitli uygulamalarda kullanim alani bul-
maktadir. Fakat, yiiksek boy-en oranina sahip dikey yapilarin 3B yazdirilmasi,
ozellikle bliyiik taban alanlarinda yiiksek yanal ¢oziintirlik gerektiginden dolay:
¢oziimlenmemis bir zorluk tegkil etmeyi stirdirmektedir. Bu tezde, yiiksek boy-
en oranina sahip metal hatlar insa etmek icin derin yariklar olugturma fikrini
kullanarak mikro-3B sekillendirilmig metayapilar1 6nermekte ve gostermekteyiz.
Bu tiir derin yarikli 3B-tasarimlar olugturmak igin ingamiz iki-foton polimerizasy-
onunu miimkiin kilan dogrusal olmayan sogurma iglemine dayanmaktadir. Uretim
siirecimizde, iki-foton polimerizasyon iglemi i¢in optik yoriinge optimizasyonu, bu
islemi takiben de elektroliz yontemiyle kalin metal film kaplanmasi ve kaplamada
kullanilan iletken tabakanin kuru agindirilmasi gereklidir. Iki-foton polimerizasy-
onunun gelistirilmig siire¢ akigini test etmek amaciyla, derinlik etkisini tli¢lincii
bir boyut olarak gosteren 3B radyo frekansi (RF) metayapilarini olugturduk.
Sistematik sayisal ve deneysel caligmalarimiza dayanarak tasarlanmig metayapi
rezonatorlerimizin kesitsel boy-en oranlarimin fonksiyonu olarak kontrol edilip
kaydirilan rezonans frekanslar1 ve ayarlanan kalite faktorii ile hedeflendigi gibi
belirli bir caligma rezonans frekans araligina diismesi saglanmigtir. Tezde yiiksek
boy-en oranli metayapilarin kavramsal olarak gosterimleri araciligiyla, bu tiir
iki-foton polarizasyon tanimli yiiksek boy-en oranli RF rezonatorlerin arttirilmig
kalite faktorii ve azaltilmig taban alaniyla beraber rezonans frekanslarinin ayarlan-
abilirligi acisindan biiyiik fayda sagladigini gosterilmigtir. Bu tezin bulgulari,
3B yazim yoluyla derin yariklar tiretmek icin onerilen fabrikasyon yonteminin,
oldukca minyatiirlestirilmis karmagik yapilari uygulamak adina zengin firsatlar
sagladigin isaret etmektedir.

Anahtar sozcikler: Derin yariklar, tic-boyutlu baski, iki-foton polimerizasyon,
elektroliz yontemiyle kaplama, RF metayapilar, RF rezonatorler.
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Chapter 1

Introduction

1.1 Motivation and Objectives

Three-dimensional (3D) printers have gained popularity globally owing to their
capabilities for implementing complex structures. However, 3D-printing vertical
structures with a high aspect ratio remains a pending challenge, especially when
a high lateral resolution is required in large footprints. Two-photon polymeriza-
tion (2PP), based on a nonlinear optical absorption for the chemical reaction of
the focused region inside a photoactive polymer is one of the most prominent
technologies in those 3D printing systems. This process, enabling the adaptation
of various methodologies to fulfill specific demands and technical requirements,
facilitates the design of 3D patterns with high accuracy and offers the possibility

to create high aspect ratio designs.

It is well known that RF metamaterials have been utilized in many applica-
tions including sensing and material characterization. However, there are some
limitations regarding the patterning capability and resolution when conventional
methods of printed circuit board (PCB) machines and other lithography tech-

niques are used in the fabrication of RF metamaterials. Thus, RF metastructures



showcasing the depth effect as the third dimension are good candidates for test-
ing a proposed process flow including 3D-printing system. Besides, the numerical
computations predict that deep trenches in RF structures may be beneficial to
miniaturizing metal footprint size, increasing the quality factor, and tuning the

resonance frequency.

To the best of our knowledge, there is no developed process flow for RF metas-
tructures using micro-3D-sculptured deep trenches. In this thesis, we proposed
and developed a fabrication approach, along with its specific process flow relying
on 3D-printing technology for RF metastructures. We built our micro-3D sculp-
tured high aspect ratio deep trenches with the help of 2PP. Also, we integrated
the constructed 3D patterns with electroplating for thick metal film deposition,
dry etching to remove the seed layer, and rapid thermal annealing to obtain
higher conductivity in our construction. Here, we applied this fabrication process
flow to a new class of metastructures that consist of customized resonators in
the resonance frequency range of 4 - 6 GHz. Leveraging on the developed pro-
cess flow, we achieved the miniaturization of metal footprints and tuning of the
resonance frequency with increasing quality factor. Our findings indicate that
this process flow provides rich opportunities to implement high aspect ratio and

complex structures.

1.2 Thesis Outline

In Chapter 2, two-photon polymerization methods and metamaterials, two main
topics of the thesis, are reviewed and described with introductive information.
Chapter 3 presents the design process and aspect ratio analysis of RF metas-
tructures, showing the depth effect by using the third dimension, with numerical
solutions before moving to the fabrication part. Chapter 4 discusses the steps
of the proposed fabrication with the entire process flow for RF metastructures.
Here, we describe step by step the 2PP to implement micro-3D sculptured deep
trenches for the RF pattern, electroplating for copper deposition, and dry etch-
ing of indium tin oxide (ITO) seed layer. Chapter 5 covers the results of RF

2



structures with their SEM imaging and their RF measurements using a network
analyzer. Last, Chapter 6 concludes with a summary of the fabrication process

flow and proof-of-concept model and discusses their advantages, future prospects.



Chapter 2

Scientific Background

2.1 Two-Photon Polymerization (2PP)

The phenomenon of two-photon processes emerged with Maria Goeppert-Mayer’s
pioneering work [1]. In her work, this groundbreaking idea was based on that
two-photon absorption (2PA) takes place through virtual states of the materi-
als. A virtual energy state can be created when the molecule absorbs a photon.
Two-photon absorption occurs when a second photon is absorbed while this vir-
tual state is still present. In contrast to the typical single-photon excitation
requiring only one photon, two-photon absorption modifies the energy state of
the absorbing molecule by using multiple photons at a longer wavelength. Af-
ter Mayer’s early idea about the two-photon process, the scope of conventional
two-dimensional (2D) microfabrication approaches has been expanded to include
third-dimension capability. An experimental microfabrication in 1997 was cre-
ated using a Ti:sapphire laser with a pulse width of 200 fs at a wavelength of 790
nm. Here, the first 3D micro-fabricated structures were obtained experimentally
with the stimulation of two-photon absorption. This initiated the emergence of

a new 3D-printing technology [2].

This new technology utilized for microfabrication is two-photon polymerization



(2PP), relying on nonlinear two-photon optical absorption to induce the chem-
ical reaction in the focused region of the photoactive polymer. Although some
previous studies used electron beams, optical and nanoimprinting lithography
techniques used in nanophotonic, microelectronic, microfluidic, and biomedical
domains suffer the limitations of having high aspect ratio structures, limited ma-
terial selection and resolution, high cost, or lack of 3D capability. Such limitations

can inhibit desired applications.

On the other hand, 2PP is a powerful technique to overcome the fabrication
difficulties of complex structures providing new design options that are otherwise
impossible with other methods but possible with this method using the layer-by-
layer method. The 2PP technique allows for the implementation of 3D surfaces,
while providing high accuracy and a small feature size (potentially below 100 nm)

[3] with relatively short fabrication time.

To understand the mechanism of 2PP technique, we can first analyze the photo-
polymerization, having three parts: initiation, propagation, and termination pro-
cesses. When we look at the initiation part, photo-initiators generate the excited
state upon the optical absorption of two photons hv 4+ hv and decompose into
radicals (R.) [3]:

Pl - PI" - R.+ R. (2.1)

Moreover, the optimization of commercial photo-initiators makes a major research
effort and those previous studies have created newly available photo-initiators for
the use in 2PP [4]. In the propagation process, monomers (M) integrate with
radicals:

R.+M — RM.— RMM....— RM,,. (2.2)

In the termination process, two monomer radicals are integrated with each other:
RM,.+ RM,,. - RM,, ., R. (2.3)

There is a fundamental difference between 1PA and 2PA. The aforementioned
photo-initiators absorb two photons simultaneously during the transition from
a lower energy state to a higher energy state. Here, the subtraction of the two

energy levels is the same with the total energy of two photon together. The
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absorption rate, which is proportional to the square of light intensity, is given in
terms of the intensity of the incident light (I), refractive index (n) of the medium,
speed of light in vacuum (c), the optical frequency of the incident light (w) , and
imaginary part of the third-order susceptibility light (¢*) of the medium [6-7],
which is the imaginary part of the comprehensive evaluation of nonlinear optical
effects in a medium that exhibit dependency on the third power of the electric
field of the incident monochromatic beam as follows [3,5]:
dW 871w
dt n2c?

When the radical concentration exceeds the threshold level, polymerization starts.

- IPIm(¢®) (2.4)

To comprehend the 2PP mechanism, the general mechanism is illustrated in Fig-

ure 2.1.

Single-photon absorption (1PA) Two-photon absorption (2PA)
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Figure 2.1: Illustration of one-photon and two-photon absorption based excita-
tions.

The 2PP offers several advantages over the one-photon case. One of the ad-

vantages is that the laser light goes deeper into photosensitive material to induce
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polymerization without affecting the outside of the focal region. The other ad-
vantage is that the polymerization rate on the light intensity has quadratic de-
pendence and provides an improved spatial resolution with higher accuracy. Fig-
ure 2.1 also illustrates the difference between the single-photon and two-photon
absorption-based mechanisms. In the two-photon excitation case, polymerization
occurs within a limited volume region where the intensity squared in a transverse
cross-section of the beam is above the threshold to provide sufficient absorption
for the chemical reaction [8]. Therefore, this technique is based on the nonlin-
ear optical absorption of a firmly focused laser beam for crosslinking in a small
volume (voxel) of a photosensitive material. As an important advantage, we can
adjust the path along which 3D shapes are formed while moving the focused

volume region (focal point) inside photosensitive material.

Today as a result of this capability, 2PP finds use in a wide range of applications
9], including preparation of plasmonic structures [10], helical photonic structures

[11], microfluidic channels [12], and micro-electromechanical systems [13].

The versatility of this 3D printing technique allows for a diversity of application
areas. Its high capability enables the adaptation of various methodologies to fulfill
specific needs and requirements; for example, having high aspect ratio features is
a challenging demand [14]. Other conventional lithography techniques, such as
electron beam lithography (EBL), nanoimprinting lithography (NIL) and optical
lithography, can provide an opportunity for the fabrication of high aspect ratio
structures with undesired limitations. Even the choice of photoresist used in
these lithography techniques is critical, as removing negative photoresists can
be challenging without the use of additional chemicals or etching technology.
In addition, forming high aspect ratio metal structures through metal deposition
following the lithography process is severely limited in terms of the total thickness
of the resulting metal structure, workable footprint, and patterning capability.
The EBL method can produce high aspect ratio structures [15-21] with limited
total thickness and footprint. While the high aspect ratio metal patterns existed
in only some of these previous studies [19-21], even an aspect ratio of 1:1 is
technically problematic in micrometer ranges because it is not possible to make

structures with vertical dimensions thicker than 2 pm. The NIL technique yielded
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an aspect ratio of around 4, but the total thickness remains unchanged up to 2
micrometers [22-23]. Regarding optical lithography, it is apparent that the overall
thickness is more remarkable than both EBL and NIL [24-25]. However, sidewalls
are not perpendicular to the plane, caused by the proximity effect. Moreover, 2PP,
having a wider range of material selection possibilities, the nonrequirement of the
utilization of a hard mask or a mold, and cost-effectiveness set itself apart from
conventional lithography techniques that require specialized equipment such as
electron beam or high vacuum systems. Therefore, these conditions make 2PP a
more economical choice. Additionally, 2PP consequentially helps to construct 3D

patterns, which is impossible to implement with other lithography techniques.

2.2 Metamaterials

The term metamaterial consists of two parts: meta and materials. The meaning
of meta is “beyond” and comes from Greek, and then the meaning of metamate-
rial is intended to imply different properties beyond the natural materials. There
are two fundamental electromagnetic properties, permittivity (¢) and permeabil-
ity (pn) of a medium, which contribute to characterizing electric and magnetic
fields in different media, respectively. Quantifying a material’s ability to store
electrical energy is possible through the permittivity, and a material’s ability to

store magnetic energy, through permeability.

Metamaterials are artificial materials having unique electromagnetic proper-
ties produced by engineering the permittivity and permeability. Theoretically,
Veselago first predicted a metamaterial concurrently with negative permittivity
and negative permeability in 1968 [26]. Later, Pendry reported left-handed ma-
terials (LHMSs) in 1999 [27]. When a monochromatic plane wave propagates in
an isotropic and homogenous medium, the electric field and magnetic field wave
vectors form as a right-handed triplet vector with the direction of wave prop-
agation in a medium of positive permittivity and permeability. However, they
are left-handed triplets when the permittivity and permeability are negative, and

the refractive index must have a negative sign. LHMs are an example of such
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negative index materials.

In Figure 2.2, there is a chart for the properties of the materials corresponding
to their electromagnetic properties to classify metamaterials. The region in this
chart having € > 0 and p < 0 covers some ferrites materials, and the region in the
chart having ¢ < 0 and p > 0 covers metals and semiconductors. Furthermore,
the region with ¢ > 0 and pn > 0 is the region of right-handed materials and covers
most dielectric materials. There are no materials with negative permittivity and
negative permeability (or thus negative refractive index) in natural materials,
corresponding to the region of left-handed medium in the chart with ¢ < 0 and p <
0 covering the metamaterials. After approximately three decades since Veselago’s
prediction, the experimental realization of negative refractive index materials was
achieved by Smith et al [28]. The combination of previous theoretical suggestions
regarding metamaterials and their possible applications was based on Pendry’s

proposal of split ring resonators (SRRs) [29].

Figure 2.2: Materials categorization with respect to permittivity and permeabil-
ity.

Characteristic features of metamaterials with both negative permittivity and
permeability properties have enabled their use in a wide range of disciplines such
as material science, physics, engineering, and many other scientific fields. Pho-
tonic metamaterials refer to the materials intentionally designed to demonstrate

a tailored electromagnetic response at the light frequencies. Those materials are
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made to manipulate light in controllable ways that are impossible with natu-
ral materials [30]. The working areas of optical metamaterials include optical
magnetism and optical negative refraction, chirality, and nonlinear optics [30].
As a more general class, electromagnetic metamaterials refer to the artificially
created composite materials that interact with electromagnetic waves, such as
radio frequency (RF), microwave, and optical waves, in unique ways that are not

conceivable with standard materials [31].

Mechanical metamaterials are artificially engineered materials designed to im-
port efficient and remarkable mechanical properties, e.g., elastic mechanical prop-
erties of linear and nonlinear behaviors. Those metamaterials exhibit zero or neg-
ative values for conventionally positive mechanical parameters such as Poisson’s

ratio and modulus [32].

RF metamaterials, also alternatively referred to as electromagnetic metama-
terials as a more general class, have been used in many places, such as sensing
[33], material characterization [34], and device miniaturization [35]. Their quality
factor, miniaturization capacity, and resonance frequency tunability are essential
aspects in those applications. The quality factor (Q-factor) is a figure of merit to
determine the resonance performance (sharpness of the resonant) [36]. The higher
Q-factor leads to a higher sensor performance with enhanced sensitivity in the
case of using a resonant sensing metamaterial. Miniaturization diminishes a RF
structure’s dimensions, lowering its cost [37]. In addition, it is crucial to consider
the resonance frequency of a RF resonator, as well as the effect of geometrical
factors on its resonance frequency shift. These factors play an essential role in
determining the operating range of a RF resonator. In recent years, studies have
been taking into account the effect of finite conductive thickness of a RF res-
onator [38-40] to tune its resonance frequency. Therefore, careful consideration
and analyses of these factors with the fabrication process flow are necessary to
ensure the reliable, efficient operation of such a RF resonator. However, their
fabrication methods are limited when well-known fabrication techniques, such as
printed circuit board (PCB) technology, optical lithography, and electron beam
lithography (EBL), are considered. Those conventional methods suffer problems

in terms of patterning capability and resolution, limiting such RF structures’

10



designs.

In this thesis work, we have investigated alternative process flows and elec-
tromagnetically tested their resulting devices. Here, our proposed fabrication
approach is a powerful candidate to overcome these issues by demonstrating our
fabrication steps of a proof-of-concept demonstration RF model. Furthermore,
adding new capabilities to our fabrication provided an improved quality factor,
increased miniaturization, and widely tuned resonance frequency as important

advantages.
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Chapter 3

Designing our RF Metastructures

This chapter is based on our manuscript prepared by Anil Cagri Atak, Emre
Unal, and Hilmi Volkan Demir, which is in submission (2023).

In this thesis, our main aim is to develop and demonstrate our fabrication
process flow that is based on constructing micro-3D-sculptured deep trenches,
electroplating for thick metal film deposition and dry etching to remove the seed
layer to implement the design of our RF metastructures. For this reason, we chose
our proof-of-concept demonstration model to be high aspect ratio RF metastruc-
tures that apply the third-dimension effect to well-known two-dimensional RF
metamaterials with sub-10 pm resolution. The idea of RF metastructure comes
with the concept of SRRs, well-known RF metamaterials, including one or more
metallic rings with a split. These resonators are excellent candidates for tran-
sition from planar to 3D designs with the extrusion of vertical dimension. To
this end, we selected this class type of RF metastructures as the test model
also to demonstrate the importance of high aspect ratio metal partials, gener-
ally ignored, in analyzing SRRs. In designing our RF resonators, we numerically
simulated metastructures using full electromagnetic solutions (CST Microwave
Studio). Their resonance frequencies were intended to be placed in a targeted
frequency range while undertaking comparative analyses concerning the reso-

nance frequency shift, Q-factor, and overall footprint size as a function of their

12



cross-sectional aspect ratios. Furthermore, resonance characterization of our res-
onators is required, and we selected a microstrip ring architecture as an antenna

to experimentally perform their measurements.

In this chapter, Section 3.1 explains analytical and numerical analyses of our
RF designs with varied cross-sectional aspect ratios. Sections 3.2 and 3.3 discuss
the basics of the microstrip ring and the combination of our RF structures with

the microstrip ring to be used in our experimental setup in the next chapter.

3.1 Analytical and Numerical Solutions for our

RF Metastructures

We used the frequency domain solver in CST microwave studio utilizing tetrahe-
dral meshing for design process and numerical analyses of our RF metastructure
resonators. In this procedure, geometrical dimensions of the resonators includ-
ing the metal width and thickness, the total length, and the split were set and
tuned to obtain the resonance frequency targeted to fall in the desired frequency
range of 4 - 6 GHz. In these simulations, the resonator substrate differs from
conventional methods. Although the substrate in PCB-based designs is typically
FR-4 or Rogers, here we used 1.1 mm thick glass being completely transparent
in the visible range with an approximate dielectric constant of 6 to apply our
process flow. After adjusting the dimensions and substrate specification of our
resonators, boundary conditions and excitations were all defined to match our

experimental setting as well.

Implementing our simulation setup, the appropriate boundary conditions of
a perfect electric conductor (PEC) and a perfect magnetic conductor (PMC) in
open space is essential to observe resonances [41]. The PEC condition enforces
zero tangential components of the electric field, the PMC condition dictates zero
tangential components of the magnetic field, and the open condition provides an

extension of the geometry. In the boundary condition selection for our case, it
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is crucial that electric and magnetic fields should be orthogonal [41]. Also, they
are perpendicular to the propagation direction. For excitation, waveguide ports,
where our structure is placed for electromagnetic waves to enter and leave, were
used. In Figure 3.1, the direction of the electromagnetic wave propagation is
given through the x-axis. The electric and magnetic fields are along the y-axis

and z-axis, respectively.

,TZ

b {

Figure 3.1: Our numerical simulation setup 1 with its boundary conditions.

In Figure 3.2, the electromagnetic wave propagates in the z-direction. The
electric and magnetic fields are along the x- and y-axes, respectively. In these
simulation setups, the one-side length of our RF structure is 4.3 mm. The metal
thickness is varied from 1 and 120 pm while the width takes only two distinct
values, which are 3 and 600 pm, to analyze the cross-sectional aspect ratio effect in
the structures. The gap also has two different values, 1200 and 30 pm. We chose
two different dimensions both for the width and gap to observe the frequency
shift as a result of the aspect ratio effect in the different possible operation states

of capacitive and inductive dominance.
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e

Figure 3.2: Our numerical simulation setup 2 with its boundary conditions.

It is seen that there is a considerable length difference between the shortest
part and the longest part of the structure. Thus, adjustments such as setting the
threshold value for meshing in the simulation tool are essential to obtain correct
results. Based on a finite element model for solving Maxwell’s equations, the
frequency domain solver with adaptive tetrahedral meshing was utilized to run the
simulation within the desired frequency range (4 — 6 GHz). Through simulation,
we obtained the S-parameters of the structures that help to characterize the
relationship of the incident wave pinging on the structure’s ports to those reflected
and transmitted from them. The S-parameter spectra gives information about
the resonance frequency and Q-factor of the metastructure resonators allowing to
make comparative analysis using systematically varied geometrical parameters.
Here, the structure’s equivalent circuit model and the analytical approach based
on it are useful to comprehend the simulation results parametrized with respect

to geometrical variations.

The resonance frequency can be calculated using the following geometrical

parameters based on LC equivalent circuit model [38-40]:

1

fres =
2m V Ltotal X Ototal

(3.1)
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where
€o: free-space permittivity
gq: effective dielectric constant for substrate
eg: effective dielectric constant for metal ring
1o: free-space permeability
t: metal thickness
w: metal width
g: split-gap of the resonator
I: length
ore s surface capacitance per unit length
o: surface charge density

ds: integral element of length (differential length) of the loop

V: potential difference between opposite points of the loop
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As mentioned above, the varied geometric dimensions were set in all parts and
applied to analyze and understand the importance of the cross-sectional aspect

ratio in the resonance behavior.

The Q-factor can be calculated using the 3 dB difference spectral points

(fmazsgp — fminsgs) around the resonance frequency ( fresonance):

fresonance
Q — factor = (3.5)
(fmaxsdB - fminads)

In Figure 3.3, while the side length of the resonator was fixed at 4.3 mm, the
width at 3 pm, and the gap at 1200 pm, the metal thickness was increased from
1 to 120 pm in a systematic manner. The Q-factor is observed to increase with

the increasing aspect ratio (AR), also depicted in Figure 3.4.

-5

s, ,(dB)

.35 L s L n L
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Frequency (GHz)

Figure 3.3: Numerical results using simulation setup 1 parametrized with respect
to systematically varied cross-sectional aspect ratios (from AR=0.33 to AR=40)
by changing the metal thickness from 1 to 120 pm while keeping the width (3
pm) and the gap (1200 pm) fixed.
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In Figure 3.4, the importance of the aspect ratio and thus the metal thickness is
observed. The variation in the metal thickness shifts the resonance frequency and
also changes the Q-factor. Here, with the thicker metal, we find that the Q-factor
is improved while the resonance moves to larger frequencies. However, we also
observe in Figure 3.4 that this effect diminishes after some large enough aspect

ratio (AR =~ 10,20). This is due to predominantly inductive circuit behavior.

Q-factor Analysis for Varied Aspect Ratios
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Figure 3.4: Q-factor as a function of aspect ratios numerically computed using
simulation setup 1 by changing metal thickness.
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Figure 3.5 shows that resonance frequency increases and Q-factor enhances
when the cross-sectional aspect ratio increases using the simulation setup 2 similar

to the results of simulation setup 1.

0 Aspect Ratio (AR) Comparasion for RF Width=3 pm & Gap=1200 ym
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Figure 3.5: Numerical results using simulation setup 2 parametrized with respect
to systematically varied cross-sectional aspect ratios (from AR=0.33 to AR=40)
by changing the metal thickness from 1 to 120 pm while keeping the width (3
nm) and the gap (1200 pm) fixed.
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Figure 3.6 shows that the metal thickness is not very effective to further in-
crease, the aspect ratio after a certain point, for example, after AR ~ 10,20,
similar to simulation setup 1. In addition, using numerical simulation, decreasing
the gap dimension and increasing the width dimension were simulated to observe
the resonance frequency shifts. The reason for these sets of systematic variations
is to show that the increasing capacitive behavior is more predominant in the
resonance frequency shifts when it is compared to previous results for which the

circuit behavior was more predominantly inductive.

- Q-factor Analysis for Varied Aspect Ratios
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Figure 3.6: Q-factor as a function of aspect ratios numerically computed using
simulation setup 2 by changing metal thickness.
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Figure 3.7 shows that resonance frequency decreases when the metal thickness
increases. Here, with thicker metal, we observe that capacitive behavior increases

predominantly, and it leads to decreasing of the resonance frequencies.
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Figure 3.7: Numerical results using simulation setup 1 parametrized with respect
to systematically varied metal thickness (from TH=3 pm to TH=120 pm) while
keeping the width (600 pm) and the gap (30 pm) fixed.
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Figure 3.8 shows that resonance frequency decreases when we increase the
metal thickness of the resonator. The capacitive behavior of the resonator in-
creases more, and it results in decreasing of the resonance frequencies similar to

the results of simulation setup 1.
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Figure 3.8: Numerical results using simulation setup 2 parametrized with respect
to systematically varied metal thickness (from TH=1 pm to TH=6000 pm) while
keeping the width (600 pm) and the gap (30 pm) fixed.

In all of these numerical studies, we investigated this deep-trenched class of
RF metastructures with a cross-sectional aspect ratio increased to observe strong
enough third-dimension effect in comparative analyses of the resonance frequency
shifts and Q-factor. We have later used these RF structures to apply our process
flow to fabricate them. To this end, we needed an experimental setup to charac-
terize our fabricated RF metastructure resonators. To measure the S-parameters
of these resonators, we used a system providing the coupling through our fabri-

cated resonator on the same substrate. We determined to use a microstrip ring
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like an antenna for our measurement setup.

3.2 Simulating Microstrip Ring

A microstrip ring was used for experimental measurement of our fabricated RF
metastructure ring resonator with the help of near-field coupling. In designing
the microstrip ring, an FR4 substrate with 1.6 mm thickness and 4.3 dielectric
constant was used. This consists of a ground plane (backside of the PCB), feed
lines, and a planar microstrip ring (frontside of the PCB). Figure 3.9 (a) and (b)
shows the microstrip ring and its dimensions. Moreover, the SMA connector was
designed for driving to obtain more accurate results between the simulation and

experiment.

(a) (b)

Figure 3.9: Microstrip ring: (a) microstrip ring with the feed line and (b) its
zooming along with the dimensions for the microstrip ring geometrical parame-
ters.
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The location where our fabricated resonator is to be placed over the microstrip
ring is essential for the sensitivity and accuracy of the measurement. Thus,
electric field analysis was performed in the simulation tool to find where the
electric field was more localized. The fabricated resonator should be located

where the electric field (E-field) is the strongest.

Figure 3.10 shows that the electric field is more concentrated in the coupling
gap. The distance of the coupling gap was optimized by decreasing the gap
dimension to obtain a strong E-field in this region [43]. In Figure 3.11, the
microstrip ring’s result and the glass substrate’s effect are observed when we

place it over the coupling gap.

Figure 3.10: Electric field map of the microstrip ring.
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Numerical Analysis for Experiment Setup
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Figure 3.11: Numerical analysis for the microstrip ring and the glass over the
microstrip ring.

3.3 Stimulating Experimental Setup

The microstrip ring was employed as a tool helping to take measurements of
our fabricated RF metastructure resonators. Thus, these resonators were placed
over the coupling gap, and we observed the resonances in S-parameters. Here,
the microstrip ring was used as an antenna to detect the resonances experimen-
tally. In Figure 3.12, the experimental setup with the resonator is depicted to be

numerically simulated.
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Figure 3.12: Numerical simulation of the experimental setup with our RF metas-
tructure resonator on it.

E-field analysis is shown in Figure 3.13 to comprehend how to find resonance
frequency with this experimental setup. When we place the resonator over the

coupling gap, there is a strong electric field in the gap.

Figure 3.13: Electric field distribution of the experimental setup with our RF
metastructure resonator on it.
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The resonance frequency due to our RF metastructure resonator is found
around 5 GHz in the reflection coefficient. Also, the cross-sectional aspect ra-
tio effects on the resonance frequency and Q-factor using this experimental setup

are found in the numerical simulations, observable in Figure 3.14.

Figure 3.14 shows that there is no resonance frequency around 5 GHz when
the glass substrate, which does not have a metastructure on it, is placed over the
coupling gap of the microstrip ring. However, when the same glass substrate has
the metal parts of the RF metastructure, it is clearly observed that the resonance
exists at almost the same frequency as in the cases of using the simulation setup 1
and 2. In addition, the behavior of the resonance because of the third dimension
effect is similar to our previous numerical results, which show increased resonance
frequencies with the increasing aspect ratios while having the split gap (1.2 mm)
and metal width (3 pm) fixed.

0 Aspect Ratio (AR) Comparasion for RF metastructure - Microstrip Ring
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Figure 3.14: Numerical simulation for the aspect ratio effect for our RF metas-
tructure using the microstrip ring.

Following the numerical analyses regarding the effect of dimension variation

of RF metastructure, we can move onto our main aim, which is the development
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of the proposed fabrication technique along with the recipes of every fabrication
step and the entire process flow to construct micro-3D-sculptured deep trenches,
electroplating for thick metal deposition and dry etching for the seed layer re-

moval.
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Chapter 4

Fabrication of our High Aspect
Ratio RF Metastructures

This chapter is based on our manuscript prepared by Anil Cagri Atak, Emre

Unal, and Hilmi Volkan Demir, which is in submission (2023).

Three-dimensional (3D) printing techniques offer new design capabilities, and
we propose and develop a new fabrication process flow based on 3D-printing with
2PP. The proof-of-concept model demonstration is RF metastructures concern-
ing the depth effect as the third dimension. Numerical solutions helped us to
design RF metastructures with corresponding dimensions. After analyzing nu-
merical solutions in Chapter 3, we are now at the phase stage of the fabrication
process for the simulated RF metastructures by merging the 2PP to construct
micro-3D-sculptured deep trenches and other micro-fabrication methods as fun-
damentally electroplating and dry etching. In this chapter, Section 4.1 explains
the 2PP-based 3D printing to construct desired patterns, Section 4.2 discusses
the electroplating (on the ITO seed layer) and mechanism to obtain improved
electroplated copper, and Section 4.3 presents the etching process of the seed
layer. In addition, intermediate steps of the process flow (see all parts of Figure
4.1) including protecting layer implementation, dicing saw procedure, removing

the photoresist, and rapid thermal annealing are included within those parts of
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this chapter.
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Figure 4.1: Proposed process flow. The developed fabrication methods consist
of the following steps: (a) Spin-coated AZ-4562 positive photoresist over ITO-
coated glass, (b) placing the prepared substrate on the sample holder of the 3D
printing system and exposing light to obtain the desired pattern, (c¢) developing
the exposed part of the photoresist, (d) thick film deposition of copper metal over
ITO seed layer along the line of the given pattern, (e) spin-coated the protecting
layer, (f) cutting the substrate into smaller pieces with a dicing saw, (g) removing
the photoresist, (h) dry etching of the ITO seed layer with ICP, and (i) thermal
annealing to strengthen copper structure.
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4.1 Two-Photon Polymerization

Based on 3D printing technology, as the main fabrication step of our process flow,
we use a 3D printing system (Microlight3D printer is seen in Figure 4.2) based
on two-photon polymerization to build our high aspect ratio pattern. Here, we

established deep trenches using this two-photon lithography 3D printing system.

Voxel

3= Substrate

Laser
(532 nm)

Figure 4.2: The Microlight3D Printer based on 2PP and its general mechanism.

Before moving to the exploration of the 3D printing system, the initial step is
to determine the substrate in our process flow. We have considered that there
are some requirements in the selection of our substrate. The starting has to be
conductive and transparent due to the need for a seed layer in the electroplating
process and the effective use in the 2PP process. Thus, we selected indium tin
oxide (ITO) coated glass as the substrate. The thickness and the conductivity
of the ITO film over the glass were approximately 100 nm and 16 €2 per square,
respectively. After cleaning the substrate, we spin-coated positive photoresist
AZ-4562 (MicroChem Corp.) on the substrate at 2,000 rpm for 40 s. Then the

pre-baking at 110° C oven for 150 s was carried out, and the prepared sample
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was ready to put on the sample holder of the Microlight3D. Next, we can move

to the 3D printing system.

As mentioned in Section 2.1 two-photon polymerization, the technique is based
on the simultaneous nonlinear absorption of two photons to define desired pat-
terns. The system and working mechanism illustrated in Figure 4.2 reveal that
the required energy for the chemical activation of the photoresist within the fo-
cal cone (except for the focal point) cannot be reached. The required energy,
which is proportional to the threshold intensity to start the chemical reaction
of photosensitive material, is achieved only in the voxel (small volume near the
focal spot) part. Here, the chemical reaction, which is the functionalization of
diazotnaphthoquinone (DNQ) and carboxylic acid groups (COOH), starts with
the help of the laser at 532 nm wavelength at the focused voxel of this photosen-
sitive material. The chemically activated exposed region becomes more soluble
(because it a positive photoresist) and is removed by a developer solution to
leave a desired pattern. We can modify the trajectory of the laser beam, which
determines the path along which the photosensitive material’s chemical reaction
to take place. Modifying the path enables us to move the voxel in any direc-
tion during the patterning procedure, thereby equipping us with a 3D patterning
capability. Furthermore, this adjustment also facilitates the attainment of flat
sidewalls of deep trenches, which is an essential requirement for implementing

designs with high aspect ratios.

In our demonstration of the proposed process flow, we designed RF metas-
tructure with the help of creating deep trenches. We have implemented RF
metastructure resonators in the CST environment, and their patterns were taken
from CST as an STL-type file. Subsequently, those files were imported to Sim-
poly, which is the software of the Microlight3D Printer system to convert files to
another file type compatible with the printer system.

To proceed to the 3D fabrication part, we need to compute trajectories by
slicing the operation shown in Figure 4.3. The UPLSAPO 20x objective having
0.75 numerical aperture is chosen among 10x, 20x, and 100x objectives for our

design specifications. Here, the main part arranges lateral and vertical sizes
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through the utilized objective and pattern specifications. The path computations

have many options in the advanced parts shown in Figure 4.3.

Slicing X Slicing X
Load Reset 5 Load Reset
Main parameters Advanced parameter: Main parameters Advanced paramet
Voxel size (micron) ) Voxel overlap (%) General
Slicing direction [ ) 1
Lateral [o3 [s0 —
Merging
Vertical [o7s [e0 [ Merge trajectories [ Follow angles
Slicing
[ Slicing Process
[ Adaptive Layer Thickness
Hatching
Hatching Process
Critical Angle 5 deg
Hatching Pattern Lines Ox @
Interior
[AFill Interior Pattem s
Distance i 1 micron

Shell
interior shell Thickness 1 micron

Stitching
Vertical layers 300 | micron
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Figure 4.3: Computation of the laser trajectories.

The slicing direction was chosen [0 0 1] because the structures have a deep
third-dimension effect in the z-direction, and this direction is more appropriate
for our case. The slicing process was applied to define the paths through the
structure’s walls. Here, an adaptive layer thickness was also selected. It is related
to the diminishing of the staircase effect. In our case, there was no possible
staircase effect, but a structure having ovality needs this adjustment to save itself
from the staircase effect. Thus, the use of adaptive layer thickness is generally
preferable. In addition, merging trajectories are generally used to reduce the
number of paths, positively contributing to the fabrication speed. The hatching
option was also turned on. This is responsible for nearly planar 3D shapes having
less than a 5° critical angle and gives extra pathing for both the bottom and
top sides of the structure. It decreases the chance of non-exposed parts of the
structure at the interfaces, contributing to quickly developing the structure’s
procedure. When negative photoresist was used, such as OrmoComp and SU-8,
there was no need to use the interior filling option to compute laser trajectory.

The curing of walls with those slicing options is sufficient to obtain a pattern
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since the curing of those provides hardness, and the liquid part remains trapped
interior of solid parts. This provides a faster fabrication procedure because of

having fewer paths.

On the other hand, in our case, we used AZ-4562 positive photoresist. There-
fore, we needed paths to expose the interior part of the structure. Optimizing
the filling of interior parts was essential to obtain an entire structure. If the laser
trajectory uses too intense beam in general, there might be some voxel parts
that burn the photoresist, which later the developer does not remove. In order
to prevent the photoresist burning, laser trajectory should be well-defined and

optimized according to the structure, the photoresist type and the thickness.

Figure 4.4 shows the laser trajectory for part of our case to understand the
mechanism. Red lines, in Figure 4.4 (a) and (c), come from the slicing option,
which are located on the walls. The white zigzag parts, in Figure 4.4 (b) come

from the filling interior part.

(a) (b) (©)

Figure 4.4: Computation of the laser trajectory with (a) slicing, (b) the lines
filling the interior, and (c) in combination.
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Hatching operation is required for 3D patterns having planar surfaces, illus-
trated in Figure 4.5. In summary, 1-1.25 pm voxel sizes and 50-60% voxel overlap
with slicing having adaptive layer thickness, hatching and filling interior having
1-1.25 pym on both distance lines and distance layers were performed. After fin-
ishing the computational part of the trajectory, it should be exported for another
software package Lithos. Here, the objective’s numerical aperture and the resin’s
refractive index had to be entered as 0.75 and 1.56, respectively. While the laser
gain was constant, path sorting should start from the top since we placed the
prepared sample face-down to avoid diffraction from the substrate and generated

steeper and deep trenches.

Figure 4.5: Hatching effect on the laser trajectory with green horizontal lines.

Focal point adjustment is crucial to determining the interfaces and designing
the procedure through Lithos software. Locating the focal point at the correct
interface, which is the interface between the substrate and the photoresist, was
required. Otherwise, we could not obtain the pattern properly. During this
adjustment procedure, we selected an opaque substrate and correct objective
magnification as the fabrication parameters. Although a transparent substrate
was utilized in our process flow, the reason for choosing an opaque substrate in the
system is due to the flip-down configuration of the sample like an opaque substrate

to prevent diffractions from the substrate. We used the camera systems of the
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Microlight3D to find the location of the focal point by changing the z-axis. After
adjusting the focal point illustrated in Figure 4.6 (a) and (b), the dosage matrix
was applied by changing laser gain from 0.200 to 0.020 with the exposure range
of 500 ps — 10000 ps. From the dosage matrix, the appropriate laser gain and
exposure range were determined to be 0.055 laser gain and 1500 ps exposure time,

respectively. We applied them as the design parameters in our implementation.

(a) (b)

Figure 4.6: Adjusting focal point by changing z-axis. The first focal point (a)
shows the interface between air and resin, and the second focal point (b) shows
the interface between resin and substrate.

The next step in the process was to develop the photoresist to leave the deep
trenches using AZ-400K developer (manufactured by MicroChem Corp.) mixed
with deionized water in a 3:1 ratio for 5 min. This solution rate was determined
by the rapid development of the exposed region because our structure having
a high aspect ratio pattern, as depicted in Figure 4.7 (a) and (b), needs rapid
development without ruining the flatness of trenches due to over-developing. At
the end of this step, the pattern of the RF metastructure was defined with the
help of the 3D printer, ready for the following fabrication steps.
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Figure 4.7: High aspect ratio design pattern with (a) 10-11 pm deep third-
dimension and 2-3 pm width and (b) flat sidewalls. (Scale bars: 5 and 10 pm,
respectively).

4.2 Copper Electroplating

Electroplating plates a metal on a structure. In this process, metal ions in the
electroplating solution are transferred from an anode to a cathode, which is cou-
pled to a lower electric potential as illustrated in Figure 4.8. The electroplating
setup consists of a power source, a copper anode, a copper cathode sample having

the seed layer, wires, a hot plate stirrer, and a copper electroplating solution.

In the plating procedure, customized current and voltage need to be applied
by a source (Keithley-2400). The copper anode is connected to the positive
terminal of the source, and the cathode touching the seed layer of the substrate
is connected to the negative terminal of the source. They are inside the copper
bath solution (high-speed bright copper electroplating solution manufactured by
Sigma-Aldrich). This copper electroplating solution consists of cupric sulfate and

sulfuric acid with a small amount of hydrochloric acid and organic additives. It
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is appropriate for patterns having trenches and vias.
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Figure 4.8: Schematic of our electroplating setup.

The prepared device structures, which had already been developed and had
a RF metastructure pattern, were ready for the electroplating procedure. There
was a need for a conductive surface on the device to conduct a current. Thus,
a small portion of the photoresist was removed with acetone from the face of
the device. Also, it is worth emphasizing that the cleanliness of the seed layer is
critical for depositing metal parts. Before starting electroplating, cleaning with
DI water and descumming are generally advised. After cleaning, the cathode

connection was supplied with the ITO seed layer shown in Figure 4.9.
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Cathode
connection
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Figure 4.9: A small area of the photoresist removed from the sample to prepare
it for electroplating.

The location of the cathode and anode in a beaker is vital for the deposition
quality. They must be located vertically and facing each other. It is especially
vital for high aspect ratio structures and trenches. Otherwise, some parts of the
pattern can have thicker metal parts, and some can have thinner ones, leading to
non-uniformity and broken portions. In addition to providing a proper location,
we used a hot plate to heat the electroplating solution at 50°C because heating
the bath solution provides the required energy for ions/atoms to move around in
plating with a stirrer mixing of the copper ions. Using a high stirrer rate during
the plating duration results in a non-uniform metal deposition. For this reason,
a high stirrer rate was used only before turning on the source, and then it was

reduced to 100 rpm. Our electroplating setup is displayed in Figure 4.10.
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Figure 4.10: Our electroplating setup.

The other critical aspect is related to the source. The possible power sources
are voltage and current sources. Here, the current sources are better to use due
to their capability to control the height of the metal deposition and allow for a
recipe to control time and current relation. Thus, the current sources were first
preferred in our electroplating process. It is known that the lower current density

provides better results in terms of the deposition uniformity:.

In Figure 4.11 (a) and (b), the difference between the high and low current
density is shown to understand the importance of the current density. However,

problems related to deposition uniformity remain with the lower current density.
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a) (b)

Figure 4.11: Deposition uniformity difference of high current density (a) and low
current density (b). (Scale bars: 30 and 5 pm, respectively).

Another method based on customized current signal was employed to remedy
these problems. By using lower current density in both forward and reverse direc-
tions, it was possible to obtain structures having trenches [44]. A 100 pA forward
pulse and a -40 pA reverse pulse were applied to our structure with a 50% duty
cycle illustrated in Figure 4.12 (a). This approach yielded better uniformity for
the plated parts. However, some local problems still remained in some parts, such
as over-plating and under-plating shown in Figure 4.12 (b). These are undesired
because there can be some broken parts, damaging the inductive behavior of the

RF metastructure.
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Figure 4.12: Improved uniformity with customized current signal using both for-
ward pulse and reverse pulse for the plated parts (a), over-plating and under-
plating problems in some local parts before removing the photoresist (b). (Scale
bars: 10 and 100 pm, respectively).

The different diffusion rates of the copper ions/atoms can lead to different
plating thicknesses locally in the same structure. Thus, the stirrer was further

applied with the customized current pulses.

Figure 4.13 shows that using a stirrer resulted in better mixing of copper ions,
and it solved almost all over-plating/under-plating problems, but non-uniformity

remained a pending problem.

Figure 4.13: Stirrer effect when using along with the customized current source.
(Scale bar: 30 pm).
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In summary, controlling the height of the plated metal thickness is essential
in the electroplating process when using a current source. However, there was
a problem related to the uniformity of the plated metal. Using a stirrer mixes
copper ions around, and the deposited metal’s height was similar in all parts of the
structure, but this caused highly non-uniformed electrodeposition. In the light of
the know-how, we move to use the voltage source. The controlled voltage provides
very uniform deposition. In addition, adding current limitations and using a
stirrer at a very low rate along with the voltage source allow for controlling the
uniformity of the deposited metal thickness. Figure 4.14 shows that the voltage

source yielded better uniformity than the current source.

Figure 4.14: Uniform metal deposition when using current controlled voltage
source after removing photoresist. (Scale bar: 10 pm).

The recipe of using the voltage source, 100 — 150 mV voltage was applied while
having a current limitation of 100 - 105 nA and a heated solution bath at 50°C.
Also, we needed to be sure about the cleanliness of the seed layer and vertically
placed anode/cathode parts. The stirrer was used before turning on the source
with a high rate to mix ions well. Then, it was stopped, or it was decreased to
100 rpm. This recipe had a 750 - 1000 nm-per-min deposition rate in our case.
After thick metal film deposition, we cut the substrate into 8 mm x 8 mm pieces
to take experimentally accurate measurements by using a dicing saw. Since the
samples had high aspect ratio metal parts, AZ-4562 photoresist (as a protection

layer) was coated to protect the resonator’s metal parts from damaging during
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the dicing operation. After completing the dicing operation, the photoresist had
to be removed from our samples to make them ready for the seed layer etching.
The photoresist was removed with the help of acetone. Then, we put each one-
piece sample inside a beaker containing isopropanol softly. Because a high aspect
ratio structure is very sensitive, each piece should be placed gently. The samples
we took from the beaker had to be left to dry slowly under the petri dish, or a
critical point dryer had to be applied.

4.3 Seed Layer Etching

As mentioned in Section 4.1, our substrate was chosen as a 100 nm thick ITO
coated glass. ITO has broad applications in producing optoelectronic and micro-
electronic devices owing to its good electrical conductivity and high optical trans-
parency. We need to use the conductive seed layer for electroplating purposes.
Although other possible seed layers, such as gold, chromium, and aluminum, have
better conductivity, they do not have the optical transparency which is needed for
two-photon lithography in our case. When a variety of candidate etching types of
the ITO were analyzed, wet chemical etching with hydrochloric acid was found to
be used most commonly. However, wet etching has several disadvantages regard-
ing reproducibility, directionality, and the risks related to the use of dangerous
acids/solvents. Since our structures have high aspect ratio walls, the preferred
mechanism had to have process control, repeatability, and vertical etch profiles
with sufficient anisotropy [45]. Therefore, inductively coupled plasma (ICP) re-
active ion etching system was chosen as the tool for our dry etching methods.
This system consists of an RF coil with a 13.56 MHz power supply and two RF
platen powers connected to the coil and the electrode. Different available gases
such as SFg, CyFy, CHF3, CFy, Ar, and Oy can flow in plasma generated by
the RF generator. The system is characterized by low operating pressure; so,
it has one mechanical pump and one turbo pump to bring pressure down to the
107% Torr level. Through the plasma etching process, we effectively have chemical
etching, physical etching, or a combination of both chemical and physical etching,

as illustrated in Figure 4.15.

44



Chemical Physical Chemical physical

etching etching etching
Radical O+ ion O+ ion
W B 0 o © Ogo| © ©
e v/, l \l lo l l l l foo

\__Coe/
| o || am |

Isotropic Anisotropic Anisotropic

=

Figure 4.15: Etching processes.

Chemical etching is an isotropic process that results from interactions with
radicals, which are reactive chemical species due to incomplete bonding structure.
It is similar to wet etching because it has a high etching rate and selectivity. In
our case, we have determined C'F,;/Ar gas mix because it is known that C'F}
can react with ITO when the right power and pressure conditions are provided
in the chamber. This reaction is a chemical reaction between the ITO and CF}
species. On the other hand, the process of physical etching subjects a material
to ion bombardment, which provides anisotropic etching while the etching rate
and selectivity are poor [45]. As illustrated in the physical etching of Figure 4.15,
sputtered particles can have various emission angles, leading to broken vertical
walls. However, it is feasible to regulate the combination of chemical and physical
etching mechanisms to have control over the shape. In addition to the chemical
reaction between the ITO and CF} species in our case, the effects of Ar-ion
bombardment play an important role in the physical etching. Mixing chemical
and physical etching provides a middle-range etching ratio and selectivity. When
our etching purpose is considered as etching I'TO parts on non-copper parts of the
surface, the process with C'Fy/Ar gas mix is sufficient. The primary mechanism
is sketched in Figure 4.16.
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Figure 4.16: Seed layer etching mechanism for our RF metastructure resonator.

In the etching mechanism, we used 20 sccm total gas flow rate, consisting of 18
sccm Ar and 2 scem C'Fy, while the substrate temperature was adjusted to 40°C
and the system pressure was 20 mTor. Here, applying RF power increases the
etch rate by dissociating more actively C'F; and increasing the plasma density,
and DC-bias accelerates ion bombardment and make more ions reach the ITO
surface [46]. According to our ICP system’s specifications, approximately 100 nm
ITO layer was removed with 500 W RF power and 300 V DC-bias voltage. After
being sure of the etching of the ITO surface, we applied rapid thermal annealing
to the sample at 500°C for 10 min, which helped strengthen the bonds of copper

and enhanced the conductivity of our high aspect ratio metastructures.

46



Chapter 5

Proof-of-Concept Demonstration
of our High Aspect RF

Metastructures

This chapter is based on our manuscript prepared by Anil Cagri Atak, Emre

Unal, and Hilmi Volkan Demir, which is in submission (2023).

In this thesis, a new class of high aspect ratio RF metastructures, showcasing
the depth effect as the third dimension, was fabricated as a proof-of-concept
demonstration by using the proposed fabrication process flow. Here, we have
tested and analyzed these fabricated deep-trenched RF metastructure resonators
using our experiment measurement setup. In this chapter, Section 5.1 presents
the experimental measurement setup to be used to characterize the fabricated RF
metastructure and Section 5.2 describes the structural details of the fabricated
RF metastructures. Measurements with the network analyzer to characterize

resonance frequency, Q-factor and miniaturization are explained in Section 5.3.
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5.1 Our Experimental Measurement Setup

The microstrip ring measurement setup, as illustrated in Figure 5.1 (a) and (b),
was fabricated using a PCB milling and prototyping machine (LPKF ProtoMat)
based on the geometrical dimensions of its design presented in Figure 3.9. This
was used to take measurements from our proof-of-concept model RF metastruc-

ture resonators.

(a) (b)

Figure 5.1: Our home-built microstrip ring setup: (a) frontside of the microstrip
ring and (b) backside of the microstrip ring.

Changing location of the device over the microstrip ring expectedly shifts the
recorded spectrum. Here, the red PLA pattern, not affecting the resonance fre-
quency, marks the coupling region for the resonators to be placed. The location
was set to obtain experimental results in agreement with the numerical ones.
When we placed the glass substrate over the determined coupling region, the res-
onance was observed near 7 GHz, and there was no resonance in the frequency
range of 4 — 5 GHz.
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Moreover, there is another essential aspect. We have tested the substrates
made of the glass and the ITO-coated glass in the same ranges of thickness and
permittivity. The ITO-coated glass exhibits a resonance frequency near 6.5-7
GHz in our measurements. We have repeated measurements for the substrate
independently of other parts of 2PP and electroplating to understand whether
the seed layer etching with ICP worked well. We found that the glass substrate
and completely etched ITO-coated glass substrate have matched and exhibited

the same similarly result as Figure 5.2.

Microstring Ring Experimental Results
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Figure 5.2: Sy of the microstrip ring with and without a glass substrate.
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5.2 Imagining our Fabricated RF Metastruc-

ture Resonators

We have determined the geometrical parameters, illustrated in Figure 5.3 (c), of
our RF metastructures with the help of numerical full electromagnetic solutions.
Then, we followed the developed process flow to construct our deep-trenched
RF metastructures, allowing for a comparative analysis with conventional RF
metamaterial resonators fabricated through standard fabrication techniques. In
Figure 5.3 (a) and (b), we show that our fabricated resonators feature a much
greater total metal thickness and a larger cross-sectional aspect ratio; leading
to a larger Q-factor and a smaller footprint working for the similar resonance

frequency.

(c)

Figure 5.3: Our fabricated RF metastructure resonator using the proposed pro-
cess flow: (a) Red lines show the metal parts, while dark parts show the glass, (b)
zoomed at the corner and (c) with the physical dimensions of the metastructure
which are T:4-6 pm, W:2-3 pm, L:4.3 mm, G:1.2 mm. (Scale bars: 2 ym and 1
mm, respectively).

20



The length of one side of the resonator (the longest dimension) and the metal
width (the shortest dimension) are approximately 4.3 mm pm and 0.002 mm,
respectively, indicating an enormous ratio of 2,150, as displayed in Figure 5.3.
Moreover, the scanning electron microscope (SEM) images of fabricated struc-
tures in Figure 5.4 show that the structures have nicely flat metal sidewalls and

high aspect ratios of around 1, 2, and 4, respectively.

Figure 5.4: Scanning electron microscopy images of our fabricated RF metas-
tructures, shown with the aspect ratios of the metal parts, which are 1, 2, and 4,
respectively. (Scale bars: 10 pm and 300 pm, respectively).

The third dimension with deep trenches is emphasized during the discussion of
fabrication flow. In the 2PP step, optimizations of computation of the laser tra-
jectory, laser power, and exposure time were critical. Otherwise, over-exposure
can cause the burning of the photoresist, or under-exposure cause longer devel-
oping times, which is the reason for the deterioration of the structures’ sidewalls.
Here, adjustments to the electroplating process, which is heating and stirring the

solution, also enhanced the quality and the uniformity in the deposition process.
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However, it is vital that heating the solution increases the electroplating deposi-
tion rate, which means heating can lead to thicker coating for a fixed duration.
Thus, the optimization of electroplating duration has to be considered given the
temperature of the solution. Also, high stirring rates can damage structures with
the mixing force of the liquid since our structures’ aspect ratios are high and

fragile.

5.3 Testing and Analyzing our RF Metastruc-

ture Resonators

Our fabrication approach offers the opportunity to build RF metastructures that
allow to tune resonance frequency, raise the Q-factor and reduce the footprint.
Metastructure resonators in the resonance frequency range of 4-6 GHz were sim-
ulated in CST Microwave Studio to show the importance of the aspect ratio with
a comparative analysis of their resonance frequency shift, Q-factor and footprint
as a function of the aspect ratios (metal thickness and width ratio). Then, the
designed RF metastructures having distinct aspect ratios were fabricated. The

results of numerical simulation and experimental measurements are presented.

5.3.1 Resonance Frequency and Q-factor

The Q-factor can be calculated as the resonance frequency divided by the 3 dB-
bandwidth [42]. When the metal thickness of a resonator increases while its
metal width is kept constant, its Q-factor improves. Our results show that the
Q-factor of a resonator with an approximately aspect ratio of 2 is 6 — 7 times
larger than that of the resonator with an approximately aspect ratio of 0.25. Also,
we examined a larger resonance frequency shift of 200 MHz varying aspect ratios
of RF metastructure resonators in both numerical simulations and experimental
measurements thanks to the third-dimension effect, as expected. The resonance

frequency rises as the metal thickness of the resonator grows because the product
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of inductance and capacitance decreases. According to the analytical method
for inductance calculation [38], as metal thickness grows, the inductive effect
diminishes. The capacitive impact grows according to the capacitance calculation
[40]. Because the rate of decline in inductor value is larger than the rate of rise in
capacitance, the resonance frequency increases with increasing metal thickness.
So, considering the third-dimension effect from the deep trenches, the resonance
frequency of the designs can be fine-tuned. Here, the various aspect ratios play an
important role on the frequency shifting and improved Q-factor of the resonators
as illustrated in Figure 5.5 (a) and (b).
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Figure 5.5: Sy; spectra: (a) Numerical simulation results and (b) experimental
measurement result. The resonance frequency and Q-factor increase with the
increasing metal thickness while keeping metal width fixed.
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Figure 5.6 shows that when the metal thickness increases, the total capacitance
increases in both scenarios of the varied width and split dimension. However, it
is seen that when the split becomes smaller and the metal width becomes more
extensive, the increment of the total capacitance, as a result of the increasing
metal thickness, is more considerable. In other words, this capacitance behavior
is related to fundamental capacitance formula. In this formula, the capacitance
increases when the area of the plates is raised, or the distance of the plates is
decreased. In the light of this knowledge, when the split of the resonator is small
enough and the width of the resonator is large enough, the effect of the metal
thickness, contributing to the area of the plates in the capacitance formula, is

more essential to change capacitance value through the increasing metal thickness.
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Figure 5.6: Numerical analyses for the capacitance as a function of the metal
thickness.
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We have analyzed the capacitance change through analytical approaches. Here,
Figure 5.7 shows the inductance changes using varied metal thickness in both
scenarios which are smaller width and larger split of the resonator, and larger
width and smaller split. According to numerical results, the inductive behavior
decreases when metal thickness increases in both cases. However, the ratio of the

decreasing is more dominant in the smaller width and larger split case.
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Figure 5.7: Numerical analyses for inductance as a function of the metal thickness.

Observing the numerical results of the capacitance and inductance gives in-
tuition for the resonance frequency change as a function of metal thickness. We
found that increasing metal thickness (relatively increasing aspect ratio) is able to
change resonance frequency in both ways illustrated in Figure 5.8. Here, the shift
direction of the resonance frequency is based on the geometrical dimensions of the
geometry due to the change of cases in which the inductive effect or capacitive ef-
fect is dominant. Also, our cases, related to our RF metastructure measurements,

match the idea of the analytical approach of the resonance frequency.
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Figure 5.8: Numerical analyses for resonance frequency as a function of the metal
thickness.

As a result, we have tested our fabrication approach when we built our RF
metastructures, having different aspect ratios. After testing our process flow,
we analyzed our results in terms of resonance frequency and Q-factor. It was
found that metal thickness, generally ignored in RF structures, extremely have
importance for the resonance frequency shit and improved Q-factor. Although
numerical simulations and experimental measurement matches, we give place
the analytical approaches to support our results of RF metastructure. Here,
numerical analyses, using the LC equivalent circuit of the RF metastructures, also

supports the idea of effectiveness of the deep trenches used in RF metastructures.
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5.3.2 Miniaturization

Figure 5.9 and Figure 5.10 show two different resonators with the exact substrate
sizes: an SRR RF metamaterial produced using conventional LPKF PCB ma-
chine techniques and an RF metastructure created using our proposed methodol-
ogy. The width of the RF metastructure was determined to be sub-10 pm with a
1.2 mm split dimension and 4.3 mm one-side length. However, the LPKF machine
had a constraint on the metal width, with a minimum width of 0.6 mm. There-
fore, the resonator, depicted in Figure 5.9, was fabricated with a minimum width
dimension of 0.6 mm and a split dimension of 1.2 mm to demonstrate miniatur-
ization. Besides, to adjust the resonator’s resonance frequency, we increased the

one-side length to 5.8 mm, as a longer length increases inductance.

Figure 5.9: Conventional RF metamaterial resonator fabricated by the PCB
milling and prototyping machine. (Scale bar: 1 mm).
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Figure 5.10: Our high-aspect ratio resonator fabricated by our proposed fabrica-
tion methods with 2PP. (Scale bar: 1 mm).

The resonance frequency decreases when the metal width of the resonator is
reduced from 0.6 mm to sub-10 pm while the aspect ratio remains constant.
However, the Q-factor of the resonator was also decreasing in this case. Because
of that, we could not get resonance frequency. To compensate for this situation,
the Q-factor can be boosted with the help of high aspect ratio metal structures.
Thus, increasing the aspect ratio of the resonator is required to observe resonance

frequency for sub-10 pm cases by increasing the metal thickness.

In addition, analyzing metal footprints is also essential for circuit implemen-
tation in structures with a limited area to get a similar resonance frequency with
the same range Q- factor. RF metastructure resonator, having the deep third-
dimension effect, acquired the same resonance frequency range of 5 GHz with a
better-quality factor when the width of the metal part diminished from 0.6 mm
to sub-10 pm as illustrated in Figure 5.11 (a) and Figure 5.11 (b). Here, although
the length of one side of the SRR-LPKF was 5.8 mm, one side of the square RF
metastructure was 4.3 mm. The findings revealed that RF metastructures using
3D printing have small metal device footprints. It means that the resonator’s

footprint was reduced from 33.64 mm? to 18.49 mm?, a reduction of 45%.
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Figure 5.11: Sy; spectra experimentally measured and numerically calculated for
(a) the RF metastructure resonator fabricated by the PCB LPKF machine and
(b) our RF metastructure resonator fabricated by our proposed method. These
result show that the length of the resonator decreases from 5.8 mm to 4.3 mm,
and the metal width decreases from 0.6 mm to sub-10 pm while increasing the
aspect ratio to keep the same resonance frequency range and quality factor.
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Chapter 6

Conclusion and Outlook

We have demonstrated the proposed fabrication method by combining a 3D print-
ing system based on 2PP with electroplating for thick film metal deposition and
dry etching for the seed layers. 2PP provided us with the ability to define high
aspect ratio patterns with deep trenches. Electroplating allowed for metal film
deposition through the deep trenches, and the dry etching process helped to have
only a patterned copper conductive layer over the substrate. Here, other micro-
fabrication methods, such as rapid thermal annealing to improve conductivity

and enhance copper atom bonding, were also used.

Using the developed process flow, we fabricated a new class of high aspect
ratio RF metastructure resonators utilizing the depth effect as the third dimen-
sion. Numerical solutions showed us the importance of finite metal thickness in
the design procedure. Here, we designed proof-of-concept models with the de-
sired geometrical dimensions using numerical analyses. After finishing the design
of RF metastructures, we considered measurement setups to characterize these
resonators to compare the experimental and numerical results. Thus, we also
implemented a microstrip ring to use as an antenna while measuring. The ex-
perimental results of the fabricated RF resonators were compared with those of
the numerical analysis, demonstrating that the process flow works well and the

experimental results are in agreement with the numerical ones.
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The effect of the metal thickness was analyzed to observe Q-factor, resonance
frequency, and dimension size changes. The proposed process flow is used to
miniaturize footprint size, increase the quality factor, and tune the resonance
frequency in 3D RF metastructures. As a result, the findings of our experiments
indicate that the method we proposed, involving the creation of deep trenches
through 3D printing, presents a promising avenue for the fabrication of intricate

metal-based structures with high aspect ratios.

As the future direction, this process flow will provide opportunities to create
new complex designs needing high aspect ratio or 3D capability. In the metal
plating part of the process flow, we especially prefer the electroplating method
for metal deposition, which gives us flexibility in the design. For example, this
enables the construction of metamaterials in spiral or chiral shapes. With its
3D design capability, creating inductance and capacitance effects in RF struc-
tures becomes much easier. In this case, this allows a designer to tune their
specifications using process flow. Moreover, the etching mechanism is essential
in terms of reproducibility and controllability for a designer. Using this process
flow, a designer can keep up with isotropy-anisotropy moderation using dry etch-
ing mechanism by combining chemical etching contributing to anisotropy and
physical etching contributing to isotropy. Additionally, this process flow can be
combined with wet etching and is valuable in some design specifications where

dry etching cannot be used.
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