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Abstract

Microfabrication techniques such as photolithography, etching, and thin film deposi-
tion provide the foundation for creating integrated circuits, microelectromechanical
systems, and microfluidic devices. Advancements in the microfabrication technol-
ogy have boosted device miniaturization and enhanced microsystems functional-
ization, leading to many new applications in fields ranging from electronics and
robotics to chemistry and biomedicine. For instance, the field of microfluidics in-
herited some microfabrication methods, originally developed for the semiconductor
industry, to engineer microsystems that manipulate fluids in channels at the microm-
eters scale. Despite the popularity of polymeric materials in microfluidic research,
properties of silicon such as mechanical compliance, chemical inertness, and manu-
facturing accuracy make it a preferable choice for certain applications.

The first part of this doctoral thesis is focused on leveraging microfabrication
techniques to develop novel recipes to fabricate silicon microfluidic devices for the
generation and manipulation of droplets. A microfabrication route is presented to
create 3D microfluidic architectures by stacking glass and silicon layers, and used
to build microfluidic devices with several droplet generation junctions in parallel.
Moreover, the influence of the fluid flow in such parallelized systems is investigated
(Chapter 2). Likewise, a novel microfabrication procedure is developed to integrate
electrodes into silicon-based microfluidic devices for droplet manipulation by means
of electric fields. In addition, optical transmission windows are opened through
the devices to overcome silicon opacity. Using this procedure, picoinjection and
fluorescence-activated droplet sorting microfluidic devices are created, leading to
operation at low voltages (Chapter 3).

Electrogenetics consists of introducing genetic modifications into cells or organ-
isms to make them responsive to electrical signals, allowing for precise control and
manipulation of their activity. In the second part of this thesis, silicon-based micro-
electrode arrays are fabricated to stimulate electrogenetic cells which secrete insulin
upon exposure to electric fields. An implant device prototype, aimed to be subcu-
taneously implanted and remote-controlled with a smartphone app, is assembled to
regulate the secretion of insulin from electrogenetic cells (Chapter 4).

Laser ablation is a process to remove or vaporize material from a solid surface
using a laser beam. Besides being used as a high precision microfabrication tech-
nique, laser ablation is also employed as a sampling method to accurately extract a
very small amount of material, leaving a microcrater behind, in order to study its

chemical composition with a mass analyzer. In the last part of this thesis, a novel
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characterization method is presented to reconstruct the microcraters created on a
material surface due to the laser ablation process. This method consists of X-ray
computed tomography of the microcraters” negative polydimethylsiloxane molds,
and it is exemplarily demonstrated with a silicon sample (Chapter 5). Finally, this
method is applied to reconstruct the microcraters created on a single crystal ruthe-
nium sample and the results are combined with other characterization methods to
conduct a comprehensive study of the ablation process (Chapter 6).



Zusammenfassung

Mikrofabrikationstechniken wie Fotolithografie, Atzen und Diinnschichtabscheidung
bilden die Grundlage fiir die Herstellung integrierter Schaltkreise, mikroelektromech-
anischer Systeme und mikrofluidischer Gerate. Fortschritte in der Mikrofabrikation-
stechnologie haben die Miniaturisierung von Gerédten und die Funktionalisierung
von Mikrosystemen vorangetrieben, was zu vielen neuen Anwendungen in Bere-
ichen wie Elektronik, Robotik, Chemie und Biomedizin gefiihrt hat. So wurden
beispielsweise in der Mikrofluidik einige urspriinglich fiir die Halbleiterindustrie
entwickelte Mikrofabrikationsverfahren tibernommen, um Mikrosysteme zu entwick-
eln, die Fliissigkeiten in Kandlen im Mikrometerbereich manipulieren. Trotz der
Beliebtheit von Polymermaterialien in der Mikrofluidikforschung ist Silizium auf-
grund von Eigenschaften wie mechanischer Nachgiebigkeit, chemischer Inertheit
und Herstellungsgenauigkeit fiir bestimmte Anwendungen die bevorzugte Wahl.

Der erste Teil dieser Doktorarbeit konzentriert sich auf die Nutzung von Mikro-
fabrikationstechniken zur Entwicklung neuartiger Verfahren fiir die Herstellung von
Silizium-Mikrofluidikgerédten zur Erzeugung und Manipulation von Tropfchen. Es
wird eine Mikrofabrikationsroute vorgestellt, mit der durch Stapeln von Glas- und
Siliziumschichten 3D-Mikrofluidarchitekturen erstellt und Mikrofluidikgerdate mit
mehreren parallelen Tropfchenerzeugungsverbindungen gebaut werden konnen.
Dartiber hinaus wird der Einfluss der Fluidstromung in solchen parallelisierten Sys-
temen untersucht (Kapitel 2). Ebenso wird eine neuartiger Mikrofabrikationsproze-
dur entwickelt, um Elektroden in Silizium-basierte mikrofluidische Gerite, welche
Tropfchen durch elektrische Felder manipulieren, zu integrieren. Zusétzlich werden
optische Transmissionsfenster durch die Gerite gedffnet, um die Siliziumopazitit zu
iiberwinden. Mit diesem Verfahren werden mikrofluidische Geradte zur Pikoinjek-
tion und fluoreszenzaktivierten Tropfchensortierung hergestellt, die mit niedrigen
Spannungen betrieben werden kénnen (Kapitel 3).

In der Elektrogenetik werden Zellen oder Organismen genetisch verdandert, um
sie fiir elektrische Signale empfanglich zu machen, was eine prazise Kontrolle und
Manipulation ihrer Aktivitdt ermoglicht. Im zweiten Teil dieser Arbeit werden
Mikroelektroden-Arrays auf Siliziumbasis hergestellt, um elektrogenetische Zellen
zu stimulieren, die bei Einwirkung von elektrischen Feldern Insulin absondern. Ein
Prototyp eines Implantats, das subkutan eingepflanzt und mit einer Smartphone-
App ferngesteuert werden soll, wird zusammengebaut, um die Insulinsekretion elek-
trogenetischer Zellen zu regulieren (Kapitel 4).
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Die Laserablation ist ein Verfahren zur Entfernung oder Verdampfung von Mate-
rial einer festen Oberfldche durch die Nutzung eines Laserstrahls. Dieses Verfahren
wird nicht nur als hochprazise Mikrofertigungstechnik eingesetzt, sondern auch als
Probenahmeverfahren zur genauen Entnahme einer sehr kleinen Materialmenge,
wobei ein Mikrokrater entsteht, um die chemische Zusammensetzung der Mate-
rialmenge mit einem Massenanalysegerdt zu untersuchen. Im letzten Teil dieser
Arbeit wird eine neuartige Charakterisierungsmethode vorgestellt, um die durch
den Laserabtragsprozess auf einer Materialoberflache entstandenen Mikrokrater zu
rekonstruieren. Diese Methode besteht aus einer Rontgen Computertomographie
der negativen polydimethylsiloxan Formen der Mikrokrater und wird beispielhaft
an einer Siliziumprobe demonstriert (Kapitel 5). Abschlieflend wird diese Methode
angewandt, um die auf einer einkristallinen Rutheniumprobe entstandenen
Mikrokrater zu rekonstruieren. Die Ergebnisse werden mit anderen
Charakterisierungsmethoden kombiniert, um eine umfassende Studie des Ablation-
sprozesses durchzufiihren (Kapitel 6).
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Chapter 1

Introduction

The invention of the silicon transistor initiated a revolution in the eld of electronics

in 1947. A few years later, in 1953, the discovery of the piezoresistive effect opened
the doors for also applying semiconductor materials to non-electronic components
[1]. Since then, uncountable improvements and new developments in the microfab-
rication processes have occurred, and microsystems have expanded their presence
in every possible direction. For instance, the term microelectromechanical systems
(MEMS) was coined to refer to all the microsystems that combine mechanical and
electrical components and are made using semiconductor fabrication techniques. Fig
1.1 schematically shows the microsystems sub elds evolution from 1960s onwards
[2]. During those decades, microsystems have found application and contributed to
the advancement of many diverse elds such as biology [3, 4, 5], chemistry and bio-
chemistry [5, 6, 7], micro- and nanorobotics [8, 9], or biomedicine [10, 11, 12], among
others.

FIGURE 1.1: Schematic evolution of microsystems technology sub elds over time
since the 1960s. This image has been adapted frons. Franssila et al[2].

In this introductory chapter, some of the fundamental concepts and processes of
semiconductor microfabrication are reviewed, focusing only on those that play a sig-
ni cant role in the work presented in this thesis. Moreover, relevant details for the
speci ¢ devices and systems fabricated in the subsequent chapters are discussed.
Additionally, the eld of micro uidics is brie y introduced to give context to the
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work presented in chapters 2 and 3. Next, the eld of electrogenetics is introduced

together with the work done by Krawczyk et al.[13] on the development of insulin

secreting electrogenetic cells, which will be later used in chapter 4. Finally, the laser
ablation process, which besides being used for microfabrication is also employed as
a sampling method in various chemical analysis techniques, is introduced to give

context and motivation to the work presented in chapters 5 and 6.

1.1 Microfabrication fundamentals

Microfabrication technologies originated in the microelectronics industry, which
leverages the semiconductor properties of silicon in combination with the high-
quality electrical insulating properties of silicon dioxide. The mechanical properties

of silicon, integral to MEMS and other microsystems, facilitate precise fabrication of
components such as exible beams, cantilevers, and membranes. Silicon also serves
as the focal material in this thesis. In the following, six fundamental microfabrication
processes are presented with the focus on the details relevant for the microsystems
devices manufactured in the subsequent chapters.

1.1.1 Thermal oxidation

Silicon dioxide (SiO») is a very stable and strong dielectric material and that is one
of the main reasons why silicon dominates the integrated cirucit (IC) industry as a
semiconductor substrate material. In fact, silicon is very reactive to oxygen and it
reacts with the oxygen in the air when exposed under ambient conditions, form-
ing a thin layer (between 1 and 2 nm) of SiO , called native oxide [14]. This native
oxide layer is thick enough to stop further oxidation of the silicon at room tempera-
ture. The process of thermal oxidation comprises growing a thin silicon dioxide layer
(also called oxide layer) on the wafer surface by exposure to an oxidizing agent such
as H,O or O, at high temperatures (from 900 C to 1200 C). Increased temperature
enhances the diffusion rate of the oxygen or water molecules through the existing
oxide layer. During this process, silicon (solid substrate) reacts with molecular oxy-
gen or water (gas phase). This reaction consumes the substrate as the silicon dioxide
layer expands into the remaining silicon, as illustrated in Fig. 1.2. Consequently,
there is a volume expansion of the nal solid product.
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FIGURE 1.2: Cross-section schematic representation of silicon oxidation process
and how the oxide layer grows consuming the silicon substrate and expanding the
total volume.

This growing silicon dioxide layer increasingly blocks and slows the diffusion
of the oxidizing agent and consequently the whole oxidation process. As far as the
oxide layer is still thin (< 50 nm), oxygen or water molecules can penetrate the ox-
ide with very few collisions in the dioxide layer and easily reach the silicon under-
neath. This is called the linear growth regime because the oxide thickness increases
approximately linearly with the process time. As soon as the oxide Im becomes
thicker, oxygen or water molecules cannot diffuse through the growing oxide so
easily. This is called the diffusion-limited regime. Fig. 1.3 illustrates the two oxide
growth regimes.

FIGURE 1.3: Schematic representation of the two silicon oxidation rate regimes.

Oxide growth rates are a function of the temperature due to the exponential rela-
tionship between the diffusion rate of the oxygen or water molecule in silicon diox-
ide and the temperature. However, oxide growth rates are also dependent on mul-
tiple other factors such as: oxygen source (it can be dry O, or wet H ,0), the crystal
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orientation of the silicon ( 100, h110 or h111i), the gas pressure, and dopant con-
centrations. As an example, Fig. 1.4 shows the graphs corresponding to the thermal
oxidation process for different temperatures when using dry source (as it is the case

in all the work presented in this thesis) and for silicon wafers with a h10G crystal
orientation.

FIGURE 1.4: Silicon dioxide layer growth under a dry thermal oxidation process at
different temperatures for a h10Q silicon wafer.

In the work presented in chapter 3, relatively thick oxide layers (around 1 nm)
were employed in order to achieve not only electrical isolation but also mechanical
support in micro uidic structures. Moreover, oxidation of non-planar structures was
also required, what presents additional challenges:

1. Achieving silicon dioxide layers with a thickness above 1 nm through ther-
mal oxidation is a challenging process as it can be deduced from g. 1.4.
In addition, the structures to be oxidized are not simply a silicon surface but
3D structures which have been patterned and etched previously to the wafer.
Therefore, it is not only very important to have accurate control over the pa-
rameters (temperature, pressure, time etc.) through the whole process, but also
to perform accurate metrology (before and after the process) on the structures
targeted to know exactly the dimensional requirements for the oxidation.

2. Furthermore, thermal oxidation of non-planar structures implies further chal-
lenges due to irregularities on the silicon surface which affect to oxygen diffu-
sion, stress and oxide ow [15]. As explained previously, the silicon oxidation
process implies an expansion of the total nal volume (see g. 1.2). When
working with 3D structures, this phenomenon causes mechanical stresses and
displacements on the crystalline structure of the material.



1.1. Microfabrication fundamentals 5

1.1.2 Doping

Pure single-crystal silicon has a high resistivity. The conductivity of semiconductor
materials such as silicon can be modi ed by adding dopants such as boron, phos-
phorus, arsenic, or antimony. P-type dopants such as boron are atoms with three
electrons in the outermost orbit (the valence shell) while n-type dopants are atoms
with ve electrons in their valence shells like phosphorus. When a boron atom re-
places a silicon atom in a single-crystal silicon lattice, a hole is created which can
carry electric currents as positive charges. Similarly, n-type dopant atoms add an ex-
tra carrier (an electron in this case) when replacing a silicon atom in the lattice [16].

Doping can be achieved by a diffusion process or an ion implantation process.
In the diffusion process, the dopant atoms are introduced from the gas phase or by
using doped-oxide sources. Despite being a relatively simple and inexpensive pro-
cess, several limitations exist such as the dopant pro le being always isotropic due
to the nature of the diffusion process. In the ion implantation process, an electric
eld is used to accelerate ions (charged dopants) and irradiate the silicon wafer sur-
face. The penetration depth can be accurately controlled through the voltage used
to accelerate the ions. Furthermore, as the process takes place at room temperature,
previously added dopants cannot diffuse out. This approach offers much better con-
trol over the doping process than the diffusion and it can achieve a wide range of
dopant concentrations, from 101! to 10*” atoms/cm 3 [17]. That is why the ion im-
plantation process is predominant nowadays.

FIGURE 1.5: Silicon resistivity depending on the doping level for both n-type and
p-type of dopants. This gure has been adapted from H. Xiao[17].
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Fig. 1.5 shows how the resistivity of silicon can be tuned up to several orders
of magnitude depending on the level of doping. Although resistivity values as low
as those for metals (around 10 ® W cm) are not achievable, doped silicon can still
be used as a conductor for various microelectronic applications. Chapter 3 of this
thesis shows how this property is used to employ silicon as an electrode material
in micro uidic devices. For example, the silicon wafers used for that purpose had a
resistivity value in the range 1-20 W m.

1.1.3 Photolithography

Photolithography is a patterning process sequence that transfers an image from a
photomask to the surface of a wafer by using ultraviolet (UV) light. It enables trans-
ferring device and circuit designs to wafers for further patterning through etching,
ion implantation or thin- Im deposition processes, among others. The key compo-
nents of the photolithography process are the photoresists, which are light-sensitive
materials. Photoresists undergo photochemical reactions when exposed to UV light
and they can be either negative (they cross-link and polymerize when exposed) or
positive (they become aqueous-base-soluble when exposed). Therefore, it is possible
to pattern an image on a coated wafer by leveraging these properties of photoresists
and exposing only certain areas of the surface [18].

The photolithography process comprises three main stages: photoresist coating,
exposure, and photoresist development. However, certain intermediate extra baking
and chilling steps might also be required depending on the accuracy and resolution
needed. Fig. 1.6 illustrates the photolithography process, and a brief explanation of
each one of the steps involved is given next:

1. Wafer cleaning: Chemical cleaning with solvents is the rst step to remove
organic and inorganic contaminants, followed by an oxygen plasma treatment
at 600 W for a few minutes to guarantee the removal of any remaining organic
contaminant. Finally, the wafer is heated to 150-200 C for a couple of minutes
to remove the moisture adsorbed on the surface (dehydration bake or prebake).

2. HMDS pretreatment: A thin layer of primer is coated on the wafer to promote
adhesion between the organic photoresist and the inorganic silicon surface.
Hexamethyldisilazane (HMDS) is the most used primer and it is usually va-
porized in a closed chamber a deposited onto the wafer.

3. Photoresist spin coating: Liquid photoresist is applied to the wafer, which is
previously placed on a spindle and held by a vacuum chuck. The centrifugal
force from the high-speed rotation spreads the photoresist across the entire
wafer surface, and the nal thickness depends on the spin rate: faster rotation
achieves thinner photoresist layers and better uniformity.
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4. Soft bake: The wafer is heated up (110 C for 1 min) to drive out the solvent
from the photoresist and transform the photoresist from a liquid to a solid
state. This process also improves photoresist adhesion to the wafer surface.

5. Alignment and exposure: The patterned image on a chromium mask is ex-
posed to the photoresist on the wafer by using a tool called stepper which
brings both surfaces together and illuminates them with UV light. Precise mask-
wafer alignment is crucial to guarantee the transferred pattern to be aligned
with design structures already present on the wafer.

6. Development: This process removes the unwanted photoresist by dissolving it
with a developer solution, and reveals the pattern transferred. Non-ionic base
solutions (i.e. tetramethyl ammonium hydroxide) are typically used.

7. Hard bake: Optionally, the wafer can be put through another bake process
called hard bake to drive out any remaining solvents, strengthen the photore-
sist, and improve adhesion to the surface.

FIGURE 1.6: Schematic representation of the photolithography process where the

pattern present on a mask is transferred by exposing the photoresist coated on top

of the wafer surface to UV light ( a). In the case of positive photoresists, the chemical

structure of the exposed areas changes b) and they can be removed by means of a
developer solution ( ¢).

The transferred structures on the photoresist have a lower resolution than the
corresponding structures on the photomask due to light diffraction. To improve op-
tical photolithography resolution, several resolution enhancement techniques have
been developed and applied such as chemical mechanical polishing, phase shift
mask [19], optical proximity correction, or off-axis illumination. In addition, there
exist other lithography techniques such as nanoimprint lithography [20] or electron
beam lithography [21] which can achieve higher resolution than the common optical
methods. Given that the smallest design features in the work presented in this thesis
are not smaller than 1 mm, optical photolithography is the method used in chapters
2,3 and 4.
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1.1.4 Etching

Etching is the process of removing layers of material from a wafer surface. While
blanket etching removes material all over the wafer surface, pattern etching only
removes material from selectively designated areas (through a photoresist layer for
example), thus transferring the pattern to the wafer surface. Etching processes can
be grouped in wet etching or dry (plasma) etching depending on the technique em-
ployed. Through chapters 2 and 3 of this thesis, processes belonging to these two
groups are used for the fabrication of silicon-based micro uidics devices. In fact, the
two etching processes relevant for this work are silicon dioxide wet etching and sili-
con dry etching by deep reactive ion etching (DRIE). While blanket etching is used in
the rst case to remove the SiO», pattern etching with DRIE is employed to transfer
the desired pattern to the silicon wafer. These two processes are summarized in the
following sections.

SiO, Wet Etching

Wet etching refers to the use of chemical solutions to dissolve materials on the
wafer surface and it is characterized for having a very good selectivity and a consid-
erably high etch rate, which can be controlled by temperature and etchant concen-
tration. Silicon dioxide wet etching is performed by using hydro uoric acid (HF).
Usually, a diluted HF solution either in water or some buffer solution such as am-
monium uoride (NH 4F) is employed. Thus, the term Buffered Hydro uoric Acid
(BHF) refers to a solution from 6:1 up to 100:1 volume ratio of buffer to HF [22]. BHF
process allows a high control on the etch rate and achieves a good surface uniformity.

SiO, etching by BHF is a very common process for the removal of native oxide
layers. As introduced in the thermal oxidation section 1.1.1, this native oxide refers
to the very thin layer of SiO ,. (2 nm thick) that forms on the silicon surface of
a silicon whenever it exposed to air [14]. This native layer can interfere with other
processes, as it happens with silicon-glass anodic bonding (see section 1.1.6). There-
fore, during the fabrication of silicon micro uidic devices, it is necessary to etch the
native oxide on the surface of the silicon wafer just before performing the bonding
with the glass cover to seal the micro uidic channels and structures.

Silicon Plasma Dry Etching

Dry etching uses gaseous chemicals to react with the material's surface to form
volatile byproducts which can be removed from the substrate surface. Most dry etch-
ing processes are based on plasma etching. Plasma not only generates chemically
reactive free radicals to enhance the chemical reaction rate, it also causes ion bom-
bardment to the substrate surface. This ion bombardment can accelerate the chem-
ical reaction rate by breaking the chemical bonds between atoms on the surface, as
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well as directly remove materials from the surface by physical means. The etching
process can be categorized as pure chemical etch, pure physical etch or a combi-
nation of both (usually referred to as Reactive lon Etching or RIE), depending on
which of these mechanisms predominates. RIE is generally the process of choice to
etch a pattern directly from a silicon surface because, contrary to wet etching, it can
perform directional (anisotropic) etching without relying on the crystal planes of the
material [23].

The RIE process basically consists of accelerating two gases, usually a uorine-
based one (Xek or Sk for example) and Argon, under a strong radio frequency
(RF) electromagnetic eld to create a plasma in the process chamber. On one hand,
the uorine-based gas disassociates and releases free uorine radicals, which forms
volatile silicon tetra uoride (SiF 4) due to the reaction of the uorine radicals with
the silicon atoms, thus chemically etching the wafer surface. On the other hand, the
argon atoms directly collide against the wafer surface, producing a physical etch-
ing of the silicon. The combination of argon physical ion beam bombardment with
uorine-based chemical etching increases the silicon etch rate compared to each pro-
cess used independently.

FIGURE 1.7: Schematic representation of the standard Bosch process for DRIE etch-
ing of silicon. The pink layer on top of the wafer surface represents the photoresist
layer containing the pattern to be transferred to the silicon through the etching. The
orange layer deposited on top of the silicon surface on steps 2, 4 and 6 represents
the passivation layer due to the C 4Fg chemical deposition. This passivation layer
is easily removed at the bottom of the trench in steps 3 and 5 by the vertical bom-
bardment of argon ions, while it still protects the sidewalls of the trench from any
potential chemical etching coming from the uorine radicals. The gure has been
adapted from F. Roozeboom et §R4]

Micro uidic structures and channels have usually dimensions in the range of
several tens of micrometers. Moreover, in the work presented in chapters 2 and 3,
there are some fabrication steps that require etching all the way through the sili-
con wafer, what implies a few hundreds of micrometers. Therefore, it is required to
employ DRIE, an extension of the RIE that essentially enables a high rate etching
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of deep, steep-sided holes and trenches in wafers, typically with high aspect ratios.
DRIE achieves this improved etching by means of the so-called Bosch process, which
alternates the following two steps multiple times. First, a standard RIE etching pro-
cess as the one explained previously. Second, a passivation step, in which a chemi-
cally inert layer (i.e. octa uorocyclobutane C 4Fg) is deposited on top of the silicon
surface to protect it from further etching. Nonetheless, the next RIE continues the
etching to the bottom of the trenches due to the physical and directional ion bom-
bardment, while the sidewalls are protected from any potential chemical etch thanks
to the passivation layer. These steps are illustrated in Fig. 1.7, where the characteris-
tic scalloped sidewalls created due to the alternation of the two steps during a Bosch
process can be observed.

1.1.5 Metal Deposition

Deposition of thin metallic layers ( < 100 nm) on top of the wafer surface is a com-
mon process in the microsystems fabrication eld. While it has been extensively used
in IC manufacturing to create interconnections within the microelectronic circuits, it
has also been a cornerstone for the development of photonics [26, 27], solid-state
batteries [28, 29], and exible electronics [30, 31] for example. There exist many dif-
ferent methods to deposit metallic layers depending on the material to deposit, the
substrate's topology or the thickness of the layer, and they can be classi ed as CVD
(Chemical Vapor Deposition) or PVD (Physical Vapor Deposition) processes. In CVD

FIGURE 1.8: Schematic representation of a typical PVD thermal evaporation sys-

tem. The source material contained in the crucible is heated up by a current, creat-

ing a vapor ow that deposits atoms of this source material on top of the substrate
layer by layer. Figure adapted from R. J. Martin-Palma et al[25].
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processes, the substrate is exposed to volatile precursors that react or decompose on
the substrate surface to produce the desired coating or layer [32]. CVD techniques
can deposit a broad range of materials (silicon and silicon dioxide, carbon, tungsten,
titanium nitride, etc.) and include processes such as low pressure CVD, plasma en-
hanced CVD, and atomic layer deposition, among others. Meanwhile in PVD meth-
ods, a solid material is vaporized under a high vacuum environment and deposited
onto the substrate surface atom by atom, leading to a highly homogeneous deposited
layer. The main PVD methods are sputtering, molecular beam epitaxy and evapora-
tion, depending on the technique used to vaporize the solid material to be deposited.

In this thesis, metal deposition is employed both in chapter 3 and 4 to deposit
gold by a PVD evaporation process in a chamber as the one represented in Fig 1.8.

« Metallic Contact Pads: In chapter 3, the gold deposition is used to create con-
tact pads directly on top of the doped silicon surface. By doing so, the Schot-
tky barrier at metal-semiconductor interface is reduced and a more desirable
ohmic contact is achieved in order to connect to the silicon and transmit electric
signal by simply wiring to the pad [33].

« Microelectrodes Patterning: In chapter 4 instead, the gold is deposited on top
of a thick layer of SiO, (200 nm) which has been created on top of the silicon
wafer by thermal oxidation. The goal is to electrically isolate the gold from the
substrate, so that different microelectrode structures can be patterned on top.
Various applications in cell biology research use microelectrodes fabricated by
metal deposition on all kind of substrates [34, 35, 36].

Gold is a common material in microsystems fabrication due to its high conduc-
tivity and excellent resistance to corrosion, nevertheless, it requires the deposition of
an intermediate adhesion layer to improve the attachment to the substrate. Chrome
and titanium are the most used adhesion metals [33].

1.1.6 Wafer Bonding

Wafer bonding refers to the joining of two substrates or wafers to one another through
physical and chemical processes. It is a packaging technique used within the elds
of MEMS and microelectronics to protect sensitive internal structures from envi-
ronmental in uences such as high pressure, humidity, temperature and oxidizing

species, and therefore ensure a long-term stability and reliability of the functional
elements. There are different wafer bonding methods depending on the materials
involved and the mechanical requirements, being direct bonding, fusion bonding,
surface activated bonding, plasma activated bonding and anodic bonding the most
widespread ones [37]. The eld of micro uidics also bene ts from wafer bonding
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techniques to seal the microchannels patterned on a substrate. For instance, in silicon-
based micro uidics the channels are etched on a silicon wafer which is then hermet-
ically sealed by bonding it to a glass wafer through an anodic bonding process [38].
Anodic bonding has a very relevant role in chapters 2 and 3, where new fabrication
routes for silicon-glass micro uidic devices are developed.

Anodic bonding is also called eld-assisted bonding or electrostatic sealing, and
it takes place by applying an electric potential (from 400 V up 1200 V). Due to the
high electrostatic eld, sodium ions (Na *) migrate towards the glass negative con-
tact, leaving oxygen anions within the glass that bond with the silicon at the interface
of both materials, creating a thin layer of SiO , that becomes a strong and irreversible
chemical bond [39]. For this process, the wafers are placed in a setup like the one il-
lustrated in Fig. 1.9. Successful anodic bonding requires the use of borosilicate glass
with high alkali ion concentration, clean wafer surfaces, no native oxide layer on
the silicon, and atomic contact between the substrates (surface roughness below 10
nm). The process is feasible at a wide range of temperatures (from 200 C to 500
C) depending if using a needle electrode on top or a full area one. However, the
higher the temperature the better is the mobility of positive ions through the glass.
The kind of setup used also allows to apply physical pressure on the wafer stack
during the bonding process which, despite not being necessary, speeds up the pro-
cess to just a few minutes (from 5 to 20 minutes depending on other parameters) [40].

FIGURE 1.9: Schematic representation of the setup for anodic bonding between

glass and silicon, with a zoom in to the ion movement at the interface of both

wafers. The bond is created by the oxygen anions reacting with the silicon atoms
on the surface of the wafer to create SiO, bonds.
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1.2 Micro uidics

Micro uidics is the manipulation of uids in micrometer-sized structures or chan-
nels [41]. Beyond the use of very small volumes, the narrow channels induce laminar
uidic ow which offers bene cial capabilities in the control of molecules and other
components [42, 43]. Itis a eld that continues to be embraced by biologists, chemists
and engineers throughout academia and industry, and it has numerous applications
in areas such as cell analysis [44], drug discovery [45] or Point-Of-Care [46].

Initially, photolithography and other microfabrication processes developed for
silicon microelectronics and MEMS were employed for the fabrication of micro u-
idic systems. Consequently, some of the earliest work in uidic microsystems em-
ployed silicon as main substrate combined with glass as sealing material. With time,
polydimethylsiloxane (PDMS) has become the most widely used material to fabri-
cate micro uidic devices in research. The ease to cast PDMS on to a mold make it
very convenient for fast prototyping at a low cost. In addition, PDMS elastomeric na-
ture enables simpler on-chip integration of micropumps and microvalves [38]. The
use of other materials such as paper or hydrogels for micro uidic applications is also
rising interest and presence in the research community recently [47].

While silicon has a higher fabrication cost than PDMS and is intrinsically opaque
to light, it presents certain characteristics of interest depending on the application,
such as higher stiffness, solvent chemical compatibility and high thermal conduc-
tivity. For example, PDMS is not stable in the presence of strong organic solvents
leading to swelling and deformation, making silicon and glass much more suit-
able materials. In addition, silicon enables fabrication of higher aspect-ratios struc-
tures when compared to PDMS which is prone to collapse, as well as silicon's more
reproducible fabrication processes are highly convenient towards industrial mass-
production [38, 48]. In chapters 2 and 3, these silicon properties are leveraged to
develop new micro uidic systems to generate and manipulate droplets.

1.2.1 Droplet micro uidics

Micro uidic systems are essentially characterized by operating in laminar uid ow
regime. While continuous- ow based systems have utilized this phenomenon to
generate unigue micro-environments, the challenge they face is scaling up the num-
ber of experiments or operations. Alternatively, droplet-based micro uidic systems
use immiscible phases to create and manipulate discrete volumes. This approach
employs highly monodisperse droplets in the nanometer to micro-meter diame-
ter range. Due to high surface area to volume ratios at the microscale, mass and
heat transfer times and diffusion distances are shorter, facilitating faster reaction
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times. Unlike in continuous- ow systems, droplet micro uidics allows for indepen-
dent control of each droplet, thus generating micro-reactors that can be individually
transported, mixed, and analyzed. Droplets are ideal reactors to compartmentalize
different biological and chemical reagents [49, 50].

Droplet micro uidic systems can perform a large number of reactions without in-
creasing device size or complexity, and they can even complete simple Boolean logic
functions, a critical step towards the realization of a micro uidic computer chip. For
this reason, the sub eld is sometimes referred as digital micro uidics in order to
emphasize the use of discrete and distinct volumes of uids and to contrast with the
continuous nature of other systems [51]. Furthermore, droplet micro uidics offers
signi cant advantages for high throughput screening (HTS) in biomedical research
and applications, since multiple identical microreactor units can be formed and pro-
cessed at kilohertz speeds, enabling large data sets to be acquired ef ciently [52]. In
addition, compartmentalization in droplets increases assay sensitivity by increasing
the effective concentration of rare species and decreasing the time required to reach
detection thresholds [53]. Over the last twenty years, diverse tools based on droplet
micro uidics have been developed with applications ranging from molecular detec-
tion an imaging [54] to high-throughput screening of cells [55].

Droplet micro uidics applications rely on effective droplet generation processes
to create monodisperse soft-matter compartments to encapsulate molecules or bio-
logical cells. Thus, a high-throughput droplet production can signi cantly increase
the speed and ef ciency of sample analysis or screening processes in micro uidics
systems [56]. In chapter 2, a silicon 3D micro uidic structure is used to increase the
droplet production rate by having several generation processes in parallel. Besides
generating them, the ability to manipulate droplets is a fundamental issue in droplet
micro uidics. For example, sorting droplets depending on their size, content or op-
tical properties by means of acoustic, electric or magnetic actuation [57]. In chapter 3,
various micro uidic devices are built, using a novel procedure to electrify the walls
of a silicon microchannel, to manipulate droplets by means of well-de ned electric
elds. For instance, a uorescence-activated droplet sorting (FADS) system is built,
as well as picoinjection devices to add a reagent into droplets by means of electric
elds actuation.
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1.3 Electrogenetics

The large amount of signal transduction studies that followed the seminal work in
the 70s by Martin Robdell [58], which led to the 1994 Nobel Prize in Physiology or
Medicine, has revealed the complexity of living cells signaling pathways. Classi-
cally, signal transduction involves the binding of extracellular signaling molecules
and ligands to cell-surface receptors, what triggers events inside the cell leading to
cellular responses [59]. Furthermore, it also exists the concept of mechanotransduc-
tion which is the ability of a cell to actively sense, integrate, and convert external me-
chanical stimuli into biochemical signals that result in intracellular changes, such as
ion concentrations, activation of signaling pathways and transcriptional regulation
[60]. While many biophysical methods have been studied for mechanical actuation
of single cells, the ones based on force- elds (i.e. optical, magnetic, and acoustic)
offer a contact-free approach for force transduction [61].

Recent advances in synthetic biology and gene engineering are bringing new
therapy approaches based on innovative engineered designer cells [63]. Such cells
have a genetically encoded therapeutic programs that can be triggered by sensing
and processing speci c disease biomarkers or external signals of interest [62]. Fig.

FIGURE 1.10: Genetically encoded therapeutic circuits in the nucleus of engineered

designer cells can regulate the dosage, localization, or timing of therapeutic func-

tions by sensing and processing of externally administered signals. This gure has
been adapted from T. Kitada et al62].
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1.10 illustrates the structure and operation of such designer cells. Different engi-
neered cells have been developed to be remotely controlled in the elds of optoge-
netics [64, 65, 66], magnetogenetics [67], and radiogenetics [68]. Such approaches
are very attractive as they avoid the side effects of chemical trigger compounds
[69, 70] as well as the potential issues due to pharmacodynamics or bioavailability
[71]. However, there might still be a few challenges to overcome as usually complex
chemical or inorganic cofactors are involved, and most of these approaches require

a high energy input [64, 66].

The term of electrogenetics as a method that uses electric elds to control cell
function has its origins in microbial biotechnology [72], however, Krawczyk et alen-
gineered for rst time cofactor-free mammalian designer cells that can remotely con-
trol therapeutic gene expression and protein release by application of electric elds
in 2020 [73, 13]. A voltage-gated circuit was engineered inside embryonic kidney
cells (HEK-293T) by expressing calcium channel (Ca,1.2) coupled to an inwardly
rectifying potassium channel (K j;2.1), both of which are voltage-dependent recep-
tors, providing a high degree of control over gene expression. These designer cell
line was named gectrHEK, and Fig. 1.11 illustrates its electrogenetic circuit. Given

FIGURE 1.11: Schematic representation of the electrogenetic circuit in gjectrHEK
designer cells. The inwardly rectifying potassium channel lowers the resting mem-
brane potential, while the voltage-gated calcium channel can be opened by apply-
ing an electrical pulsing signal, thus depolarizing the membrane and triggering a
cascade reaction. The calcium in ux activates the calmodulin/calcineurin path-
way, leading to the dephosphorylation of NFAT and in consequence its transloca-
tion to the nucleus, where it activates the NFAT-sensitive promoter attached to the
gene of interest and therefore triggering the transgene expression. This gure has
been adapted from Krawczyk et a[13].
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the slow response dynamics due to the transcription nature of the process, Krawczyk
et al. went a step further and also engineered another cell line for faster vesicular
insulin secretion. For this purpose, they employed a monoclonal pancreatic b cell
line with the vesicular insulin secretion functionality decoupled from glucose sen-
sitivity and engineered in a similar way to the one previously described [74]. This
new cell line was named gectrdd and was successfully used to control blood glucose
concentrations through in vivo insulin release. More details on the functionality and
operation of these designer cell line are given in chapter 4, where experiments with
Electrdd Cells and interdigitated micro-electrodes are presented towards the develop-
ment of a remote-controlled electrogenetic implant device.

1.4 Laser ablation

In laser ablation, a high-intensity laser beam is focused onto a target material. The
laser energy is absorbed by the material, leading to rapid heating and subsequent
vaporization or melting of the surface. The absorbed laser energy can cause the
material to be ejected as a vapor, leaving behind a small cavity (microcrater) or re-
moving a thin layer of material. The exact removal mechanism depends on factors
such as the laser parameters (wavelength, pulse duration and intensity) and the tar-
get material properties. Material removal by laser ablation is highly precise and has
minimal damage to the surrounding area. As a microfabrication technique, laser
ablation has applications across diverse elds such as exible electronics[75], mi-
cro uidics [76, 77], nanorobotics [78], or tissue engineering [79]. Furthermore, laser
ablation is also widely used for nanopatrticle synthesis [80, 81, 82].

Laser ablation has become a valuable technology for direct solid sampling in ana-
lytical chemistry and material science, where the small amount of material removed
from the solid target is the sample to analyze. This method allows the study of very
small samples, reduces the risk of contamination, and does not require chemical dis-
solution procedures [83]. To study the chemical composition of these samples, the
laser ablation system is usually combined with a mass analyzer tool as in the case
of laser ablation inductively coupled mass spectrometry (LA-ICP-MS) [84] or laser
ablation ionization mass spectrometry (LIMS) [85, 86]. Fig. 1.12 schematically illus-
trates a typical LIMS setup and summarizes the process steps. Such a LIMS system
is used to ablate microcraters in a crystalline silicon sample in chapter 5. Moreover,
a similar system is used in chapter 6 to ablate a ruthenium sample and to analyse
the ion production according to different process parameter like the amount laser
pulses. For those processes, the instrument used employed a femtosecond-pulsed
laser system for the ablation and material ionization, and a gridless re ectron-type
time-of- ight (RTOF) spectrometer for the ion detection and analysis.
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Correct analysis of the sample depends on an accurate assignment between the
chemical information recorded and the spatial origin of the elements measured within
the sample itself. This assignment is facilitated by a good understanding of how
the laser irradiation geometrically and temporally forms the crater shape. Laser-
induced microcrater morphology can be investigated by various techniques such
as atomic force microscopy [87], white-light interferometry [88], or confocal mi-
croscopy [89]. However, these direct metrology techniques are limited to craters
with relatively low depths or low depth-to-diameter aspect ratios. Motivated by
having a more comprehensive understanding of the microcraters formation pro-
cess, chapter 5 is focused on developing a novel indirect characterization method
based on X-ray computed tomography to reconstruct the 3D geometry of such mi-
crocraters. Furthermore, chapter 6 combines and compares this method with other
characterization techniques in the context of a LIMS laser ablation study.

FIGURE 1.12: Schematic representation of a LIMS instrument setup and operation
principles. The high-energy laser beam is focused onto the sample's surface placed
at the bottom, vaporizing the material and creating a plume of ions as the laser
ablation process itself serves as ionization mechanism. The ionized particles and
then directed towards the mass spectrometer detectors to record the number of
ions depending on their mass-to-charge ratio. The measured ion abundances are
processed to determine the elemental composition of the sample.
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1.5 Scope of the Thesis

This doctoral thesis comprises different projects that leverage microfabrication tech-
nology. In chapters 2, 3 and 4, various fabrication methods and techniques are em-
ployed to create silicon-based devices for different biomedical and life science ap-
plications. Meanwhile, in chapters 5 and 6, a new method for the characterization
of microcraters created by means of the laser ablation technique is developed and
implemented. The following bullet list summarizes the scope and goals of each one
of these chapters:

» Chapter 2: The goal is to create a microfabrication procedure to achieve 3D mi-
cro uidic structures by stacking silicon and glass wafer layers. Such structures
allow to have multiple processes in parallel in the same device by having mi-
cro uidic channels that can cross without connecting. The procedure is used to
fabricate high throughput droplet generation devices. Moreover, the in uence
of using different uid ow rates is systematically studied.

e Chapter 3: The goal is to create and optimize a novel microfabrication pro-
cedure to directly electrify the walls of the channels in silicon micro uidic
devices. Thus, those walls are used as electrodes to manipulate droplets by
means of high-intensity electric elds. Different micro uidic devices are de-
signed, fabricated and tested for droplet picoinjection and droplet sorting.
Moreover, the sorting devices are also tested for uorescence-activated droplet
sorting, which in addition requires to circumvent the opaqueness of silicon.

« Chapter 4: The goal is to design and assemble an implant prototype for in-situ
production and release of insulin. The implant includes a wireless control unit
to enable remote-control by the user. Silicon-based microelectrodes are fabri-
cated for electric stimulation of electrogenetic cells that are capable of insulin
secretion. In-vitro experiments with the electrogenetic cells are performed to
study their time-dependent behaviour.

e Chapter 5: The goal is to develop a new method to fully reconstruct the 3D
geometry of the microcraters created on a surface by material sampling with
the laser ablation technique. The aim is to characterize the deep microcraters
caused by the use of thousands of laser pulses. The method's resolution is eval-
uated by characterizing already known reference structures, and an exemplary
laser ablation study on a silicon sample is performed to analyse the evolution
of the craters' formation process.

e Chapter 6: The goal is to perform a parametric laser ablation study on a sin-
gle crystal ruthenium sample. Different laser energies are used to create mi-
crocraters with an increasing number of pulses while the sampled material is
simultaneously analyzed by a mass spectrometer. The aim is to combine the
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method presented in chapter 5 with other existing characterization techniques
in order to realize a comprehensive analysis of the craters' formation process.
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Abstract

Both the diversity and complexity of micro uidic systems experienced a tremendous
progress over the last decades, enabled by new materials, novel device concepts and
innovative fabrication routes. In particular the sub eld of high-throughput screen-
ing, used for biochemical, genetic and pharmacological samples, has extensively
emerged from developments in droplet micro uidics. More recently, new 3D device
architectures enabled either by stacking layers of PDMS or by direct 3D-printing
have gained enormous attention for applications in chemical synthesis or biomedi-
cal assays. While the rst micro uidic devices were based on silicon and glass struc-
tures, those materials have not yet been signi cantly expanded towards 3D despite
their high chemical compatibility, mechanical strength or mass-production potential.

In our work, we present a generic fabrication route based on the implementation of
vertical vias and a redistribution layer to create glass—silicon—glass 3D micro uidic
structures. It is used to build different droplet generating devices with several ow
focusing junctions in parallel, all fed from a single source. We study the effect of
having several of these junctions in parallel by varying the ow conditions of both
the continuous and the dispersed phases. We demonstrate that the generic concept
enables an upscaling in the production rate by increasing the number of droplet gen-
erators per device without sacri cing the monodispersity of the droplets.
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2.1 Introduction

Micro uidic systems offer great opportunities for handling, manipulating and char-
acterizing minuscule amounts of liquids, individual particles, droplets or cells by
employing channels and other uid-handling components at micro- or even nanome-
ter scales [1]. Over the past decades, micro uidic chips have been widely applied for
diverse applications in the elds of analytical chemistry and biochemistry [2], bio-
logical and analysis biomedical analysis [3], and pharmaceutical drug development
[4] among others. Many of these applications rely on large amount of objects to be
processed per time unit, so achieving high throughput processes and assays has
inherently been a fundamental objective in the micro uidic eld [5]. Operating mul-
tiple micro uidic devices in parallel may in principle help compensating the lower
throughput per single device but usually comes at the costs of a high liquid-routing
complexity. Recently, there has been a boost in the development of 3D micro uidic
architectures as here, channels can cross without connecting by going to a so-called
redistribution layer which makes them underpassing others [6]. The extension of
2D micro uidic concepts towards 3D enables micro uidic concepts to still perform
complex processes while massively increasing the throughput by operating essential
components in parallel and still using a single source [7, 8, 9].

2.1.1 3D Micro uidics

Hitherto, approaches to create 3D micro uidic structures were proposed mainly -
and due to widespread usage - on a conventional polydimethylsiloxan (PDMS) plat-
form, either by layer stacking [10], 3D molding [11] or wax jetting [12]. For example,
Headen et alused soft lithography to create a two-layer, parallel droplet-generator
device in PDMS for micro-encapsulating human mesenchymal stem cells in <100
mm diameter microgels [8]. Despite the low costs and ease of fabrication advantages
of PDMS, it also presents inherent and fundamental limitations in terms of long-term
durability, mechanical compliance, and chemical inertness (swelling upon exposure
to various solvents or high gas diffusivity). Besides these PDMS structures, 3D print-
ing has emerged as a novel technique for creating truly three-dimensional archi-
tectures, at low cost and an unprecedentedly high exibility to implement almost
arbitrary channel geometries. Most 3D-printed uidic devices and features up to
date, however, are rather on milli uidic size-scales, still demanding for substantial
progress in printing technology and resist formulations to enter micrometer dimen-
sions [13, 14, 15]. Nonetheless, some biological analysis applications have already
been demonstrated with 3D-printed uidic devices, like Li et al. who employed a
combination of different materials to simultaneously integrate extraction and con-
centration components for small molecule pharmaceuticals from urine, followed by
on-chip electrophoretic separation of the concentrated targets for quantitative anal-
ysis [16]. Such device however had a smallest channel width of 500 nm.
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In complementary metal-oxide—semiconductor (CMOS) technology, 3D stacking
of chips has become a habit in the last two decades, enabling the integration density
to be increased by going vertical and by using multiple layers for distributing electri-
cal signals and stacking of memory components. Silicon as CMOS platform material
can be etched almost vertically and the channels closed by a glass cover [17], which
renders this approach also attractive for micro uidic applications. Despite the higher
processing costs resulting from the manufacturing under clean-room conditions, sili-
con micro uidics provides an excellent long-term durability, high mechanical stabil-
ity and excellent chemical compatibility (chemical inertness towards high corrosive
solvents and low gas diffusivity), conditions that lead to higher pressure operation
and more uniform ow conditions. The rst generations of micro uidic devices cor-
respond to such silicon—glass hybrid structure [18, 19] and leverage the highly deter-
ministic CMOS manufacturing processes to de ne channels and other components
down to the 1 nmm feature size. Quite recently, Yadavali et al. bene ted from these
advantages to develop a silicon-based micro uidic device for large scale synthesis
of biocompatible microparticles by using a 3D approach and high-pressure opera-
tion [9] to overcome the low production rate of micro uidic devices for the gener-
ation of microparticles, preventing the translation of many promising micro uidic
laboratory-scale results towards commercial-scale production.

2.1.2 Droplet Micro uidics

Droplet micro uidics offers signi cant advantages for performing high-throughput
processes and screening since, unlike in continuous- ow systems, droplet-based mi-
cro uidics allows for independent control of each droplet, thus generating micro-
reactors that can be individually transported, mixed, and analyzed [20]. Droplet
micro uidic systems can perform a large number of reactions without increasing
device size or complexity, and they can even complete simple Boolean logic func-
tions, a critical step towards the realization of a micro uidic computer chip. For this
reason, the sub eld is sometimes referred to as "digital" micro uidics in order to
emphasize the use of discrete and distinct volumes of uids and to contrast with the
continuous nature of other systems [21]. Over the last twenty years, various tools
and platforms have been developed in a broad spectrum of elds, leading to appli-
cations such as in polymerase chain reaction (PCR)-based analyses, enzyme directed
evolution, protein crystallization studies, and polymeric particle synthesis among
others [22, 23, 24], all requiring high throughput to be ef cient. More recently, mi-
cro uidic droplet generation systems have been used for diverse applications such
as fabricating magnetic steerable microrobots [25] or assembling microoorganisms
within droplet structures for ef cient wastewater treatment [26, 27].
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FIGURE 2.1: Concept of ow-focusing based droplet generators in 2D and 3D
embodiments: a) Schematic representation (top-view) of a ow-focusing based
(droplet) generator (FFG) with one dispersed phase (DP) and two continuous
phases (CP) merging to produce droplets. The generic parameters that de ne the
geometry of the junction are the DP inlet width ( Wpp), CP inlet width ( W¢p), ori-
ce width ( Wo), and overall channel height (H). b) Typical micro uidic layout with
two inlets to source the FFG and one outlet used for droplet collection. c¢) 2D ar-
rangement of multiple FFGs with the CP sourced from a single inlet while the DP
being sourced from multiple inlets, realized via external splitting. d) 2D arrange-
ment of multiple FFGs with the DP sourced from a single source while the CP being
sourced from multiple inlets. To achieve a single source con guration, the in-plane
spatial constrains would result in channel crossings. e) Proposed 3D structure with
interconnects and DP being fed (and distributed) from an under-passing layer (3D
view). f) Full scalability of multiple FFGs operated in parallel in the 3D embod-
iment, shown exemplarily for the case of four FFGs with a symmetric, branchial
channel layout on both layers to ensure a symmetric ow distribution and pres-
sure homogeneity on each path towards the FFGs. The 3D extension allows both
the CP and the DP being fed from a single source.

Accurate and effective droplet generation by using immiscible phases to create
discrete soft-matter compartments to encapsulate molecules and cells is critical for
all the droplet micro uidic applications. The structures used for droplet generation
are either based on a simple T-junction [28] or a triplet junction with three channels
joining, referred to as ow-focusing generator (FFG) [29]. Fig. 2.1 adepicts the gen-
eral design in a top-view with colors describing the compression of the dispersed
phase (DP) by the two embracing continuous phases (CP). There exist three main
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breakup modes or mechanisms that lead to droplet formation [30, 31]. The squeez-
ing mechanism consists on the DP blocking the ow of the CP leading to a rise
pressure of the latter, which squeezes the DP to the point of breaking it off into
single droplets, this mechanism is also referred as "geometry-controlled"” in litera-
ture [32, 33]. The dripping mechanism, however, is due the shear stresses overcome
the interfacial tension, and therefore the CP shears the DP into droplets [34]. Fi-
nally, droplets can also be formed by jetting due to the Plateau—Rayleigh instability,
that can happen when the DP forms long threads within the CP [35]. Additionally,
there also exist two more passive droplet generation mechanisms studied in liter-
ature that are tip-streaming [36] and tip-multi-breaking [37]. Operation under the
different modes mainly depends on the value of the dispersed and/or continuous
phase capillary numbers, which is the dimensionless quantity de ned as the ratio
of viscous to interfacial forces [31]. Besides micro uidic-based droplet generation,
there also exist other methods such as phase separation or emulsion curing to create
droplet-embedded structures in soft materials [38].

The micro uidic channels to feed a FFG come from two inlets, one for CP and DP
each, as schematically shown in Fig. 2.1b. When upscaling to an array of FFGs with
the goal of increasing the system droplet generation throughput, it becomes obvious
that multiple inlets must be used not to cross channels. This is the case for either case
of sourcing, being either the CP as single source (Fig. 2.1c) or the DP (Fig. 2.1d).
Instead, we propose a redistribution layer to be used, to feed a single FFG via a ver-
tical interconnection channel or via (Fig. 2.1 e), that resolves the spatial constrains
and enables scaling of FFGs to large arrays by using the redistribution layer to let
channels underpass others (Fig. 2.1f). In this paper we present a fabrication route
to create 3D silicon-glass micro uidic devices that describe upscaling strategies to
operate multiple droplet-generation devices in parallel using a single input source.
The 3D architecture realized in silicon resembles the layer stacking of PDMS, where
the micro uidic channels are patterned at different layers and vertically intercon-
nected. Similarly, one of these additional layers is used as a redistribution layer to
enable channels to cross without connecting. To demonstrate the potential of this
architecture, several devices with one up to eight ow-focusing droplet generators
connected in parallel are fabricated and characterized comprehensively in terms of
droplet size and uniformity. The concept is highly generic and can be used to op-
erate multiple micro uidic components other than droplet generators in parallel to
increase to throughput per chip. In the following, we describe how these devices can
be fabricated and characterize their operation in droplet-generating tasks.
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2.2 Results and Discussion

2.2.1 Microfabrication Route for Silicon 3D Micro uidics

To realize the 3D micro uidic network with multiple FFG devices depicted in Fig.
2.1f, we fabricated a three-layer structure composed of a glass-silicon-glass sand-
wich. All the micro uidic channels and structures are patterned into the middle sil-
icon wafer, as detailed in the fabrication sequence in Fig. 2.2 a. The two bottom and
top glass wafers behave as sealing structures for the Si channels. While the top glass
wafer is unpatterned, the one on the bottom is equipped with through holes (500
nm in diameter) machined to provide mass- ow access via the micro uidic inlets
and outlets. Within the silicon middle wafer, there are three different layers, labelled

FIGURE 2.2: Generic fabrication route and processing results: a) Microfabrication
processing steps to achieve glass—silicon—glass 3D micro uidic devices, realized by
DRIE from two sides to create both channels and interconnects across the Si layer.
Eventually, the Si chip is anodically bond to a glass cover comprising openings as
inlet and outlet ports. b) Cross-sectional view of the entire chip stack with color
coding as used in Fig. 2.1f. The design deploys the bottom Si interface as redistri-
bution layer such that the top operation layer remains optically accessible (see Fig.
2.3). ¢) SEM images of the operation layer with a layout that comprises four FFG
(FF4) devices (left) with details of the FFG design and almost vertical side walls
(right). The images were all acquired prior to bonding for a channel depth of 50 mm
deep. d) Optical micrographs of a nal chip with a size of 15.0 mm x 15.0 mm x
1.9 mm comprising a layout with eight FFG (FF8) devices (left), where the glass-
silicon-glass wafer stack can be observed in a cross-sectional view (middle) with
the bottom interface (right) depicting the inlets and outlets for uid access.
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according to their functionalities: operation layer, redistribution layer, and intercon-
nection layer. These layers are schematically represented in Fig. 2.2b. The operation
layer is etched on the top side of the wafer, the interface where all the processes of
interest take place and are visualized. For the devices presented in this work, it is
the layer where multiple FFGs are located for droplet generation. In contrast, the
redistribution layer is etched on the bottom side of the silicon wafer and comprises
different channels in parallel. This layer serves the purpose of distributing a reagent
to the different points of interest to access the operation layer. Finally, the intercon-
nection layer is created by etching vias through the whole thickness of the silicon
wafer, at desired points. This layer has the function to connect the operation and the
redistribution layer. Fig. 2.2 ¢ shows in detail a 50 nm deep etched operation layer
on the silicon wafer, where also the vias that connect to the redistribution layer can
be observed. The insert shows in detail how the ow focusing junction looks, which
exact geometric parameters can be found in the Materials and Methodsection. All
the devices were fabricated using the same parameters for the junctions geometry,
as the main goal of this paper is to study the effect of several junctions in parallel,
and not the impact of geometric modi cations on the junctions as it has been thor-
oughly reported in literature [39, 40].

While the introduction of a redistribution layer resolves the channel-crossing is-
sues, it provides an additional level of complexity for the micro uidic layout as
the vias need to be taken into account for the uid-dynamic conditions and back-
pressure regulation across the 3D network. In particular if the goal is to generate
most uniform droplets based on multiple FFGs operated in parallel and being fed
from a single DP and CP source each, it is key to have a uniform pressure distribu-
tion in all three channels leading to the FFGs such that equal ow rates are present
at each junction. These conditions can be achieved either by creating fully symmet-
ric ow distributions by a rational design or by using ow resistors prior to the
FFG device [9]. While the high-aspect ow resistors provide an excellent mean to
locally regulate the pressure by the constrain introduced, the concept reduces in re-
turn the maximum ow rate possible and leads to quite high pressure build-ups
across the entire device. For these reasons, we have developed a fully symmetric
ow-distribution layout by implementing a fractal rami cation of channels across
operation and redistribution layers. Beside being symmetric, the width of each chan-
nel is also divided equally every time the channel splits into two new ones, in a way
that the uidic ow is kept constant through the micro uidic network towards each
FFG, as depicted in Fig. 2.1f. After the FFG, the channels widen up until they merge
prior to exiting the device through the single existing outlet. From the FF1 layout
which only contains one FFG but already uses the 3D structure for the dispersed
phase trough the redistribution layer until the junction, up to 2, 4 and 8 FFGs were
implemented according to the design rules described above, leading to FF2, FF4 and
FF8 layouts. For the experimentation with those devices, we built a setup consisting
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