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Abstract
Microfabricated devices and systems have many exciting applications such
as accelerometers for triggering the launching of airbags in cars, gyroscopes
for sensing the rotations of mobile phones, and micromirror arrays for controlling light reflection in digital light projectors. These devices are currently
produced using semiconductor manufacturing techniques, which are suitable
for large volumes of mostly planar structures. However, they have limited
economic viability for products with lower volumes, and they also constrain
the three-dimensional (3D) structuring of the microdevices. Therefore, there
is a need for new manufacturing techniques that are economically viable even
for smaller volumes and allow truly 3D microdevice designs. To address this
problem, this thesis presents developments in microfabrication and integration using two main methods: (1) The usage of sub-picosecond laser pulses
for locally adding and modifying material and (2) the usage of an external
magnetic field to handle fragile micrometric objects in order to assemble them
into their target locations. These two methods are used for six main applications out of which four involve packaging and integrating microsystems, one
involves the manufacturing of 3D microstructures, and one involves directly
patterning microstructures on a surface.
A key technology in the packaging and integration of microsystems, and
a focus area of this thesis, is the manufacturing of through-substrate vias.
They are used as electrical interconnections through device and package substrates. They allow smaller packages, which is a requirement, for example, for
the Internet of Things where different types of microsensors and actuators are
placed in our everyday environment. The first application related to the manufacturing of through-substrate vias is laser drilling of through-silicon holes.
Laser drilling allows holes to be created where traditional etching methods
might be uneconomical or unpractical. Laser drilling also allows the drilling
of tilted holes, which can improve the radio-frequency performance of the
vias. The second application is the magnetic assembly of metal conductors
into holes in a glass substrate. Glass substrates have several benefits over
silicon substrates, such as lower radio-frequency losses, but the production
of through-glass vias is challenging due to the difficulty of creating regular
holes through the glass. The magnetic assembly allows metal conductors to
be placed into the holes in glass independent of the hole shape. This could
lead to wider use of glass with its excellent properties as a packaging substrate for microsystems. The third application is through-substrate vias for
high-temperature environments. These vias are manufactured by magnetically assembling metal conductors with low thermal expansion into holes in a
silicon substrate. The low thermal expansion leads to reduced stresses at elevated temperatures. This could allow using through-substrate vias to reduce
package sizes even in demanding high-temperature environments found, for
example, in the space industry.
The fourth and last application related to the packaging and integrating microsystems is the vertical assembly of microchips using an external
magnetic field. Microsystem fabrication is focused on in-plane structures,
but some applications require or would benefit from out-of-plane structures.
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Examples of such applications are a biosensor placed inside a microneedle inserted into tissue or flow sensors bending in the flow. Manufacturing the outof-plane structures on the same substrate with other structures requires complicated manufacturing techniques and occupies a large surface area. When
using the vertical assembly process, the out-of-plane structures can be manufactured on a separate substrate using standard microfabrication techniques,
and the out-of-plane structures can then be assembled afterward in a vertical
orientation on a receiving substrate.
Manufacturing of 3D microstructures is not trivial using the standard
micromanufacturing techniques. Free-form 3D printing of submicrometric
features is possible using two-photon polymerization, but the material properties of polymers are not comparable to those of silica glass. This thesis
demonstrates 3D printing of silica glass with submicrometric features using
sub-picosecond laser pulses. This new 3D freedom in micromanufacturing
could be used, for example, in building more complicated micro-opto-electromechanical systems.
Directly patterning microstructures on a surface is possible by exposing
the surface to laser pulses. These structures can affect the optical and wetting
properties of the surfaces. More specifically, periodic ripple structures can act
as diffraction gratings, altering the optical reflection properties of the surface.
Exposure to sub-picosecond laser pulses can also cause chemical changes on
the surface, and these changes can potentially affect the reflection properties.
This thesis demonstrates that the chemical changes indeed affect the reflection
properties, and this information could be used when manufacturing ripple
patterns, for example, for security markings or for decorative use.
Miku Laakso
Division of Micro and Nanosystems
School of Electrical Engineering and Computer Science
KTH Royal Institute of Technology, Stockholm, Sweden
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Sammanfattning
Enheter och system i mikroformat har många spännande applikationer,
såsom accelerometrar för att utlösa krockkuddar i bilar, gyroskop för att avkänna rotation hos mobiltelefoner och matriser av mikrospeglar för att kontrollera ljusreflektion i digitala projektorer. Dessa anordningar framställs för
närvarande med tillverkningstekniker för halvledare, som är lämpliga för stora volymer av mestadels plana strukturer. Dessa tekniker är emellertid inte
kostnadseffektiva för produkter med lägre volymer och begränsar den tredimensionella (3D) struktureringen av mikroenheter. Därför finns det ett behov
av nya tillverkningstekniker som är lönsamma även för mindre volymer och
som verkligen möjliggör 3D strukturering av mikroenheter. För att hantera
detta problem presenterar denna avhandling utveckling inom mikrofabrikation och integration med hjälp av två huvudmetoder: (1) Användning av laserpulser kortare än en pikosekund för att lägga till och modifiera material
och (2) användningen av ett yttre magnetfält för att hantering av ömtåliga mikrometerstora föremål för att montera dem på deras måldestinationer.
Dessa två metoder används, i denna avhandling, för sex huvudapplikationer,
varav fyra involverar förpackning och integrering av mikrosystem, en involverar tillverkning av 3D-mikrostrukturer och en involverar direkt mönstrade
mikrostrukturer på en yta.
Ett viktigt teknologiområde inom förpackning och integration av mikrosystem, samt ett huvudområde i denna avhandling, är tillverkningen av
elektriska anslutningar genom olika substrat. De används som elektriska sammankopplingar genom komponenter och substrat. De möjliggör mindre komponenter, vilket är ett krav, till exempel för ”Sakernas Internet” (”Internet
of Things”) där olika typer av mikrosensorer och aktuatorer placeras i vår
omgivning. Den första tillämpningen relaterad till tillverkning av substratgenomföringar är laserborrning av genomgående hål i kiselsubstrat. Laserborrning gör det möjligt att framställa hål där traditionella etsningsmetoder kan
vara oekonomiska eller opraktiska. Laserborrning tillåter också framställning
av vinklade hål, vilket kan förbättra elektriska genomföringars radiofrekvensprestanda. Den andra tillämpningen rör magnetisk montering av metalledare i
hål i ett glassubstrat. Glassubstrat har flera materialegenskaper som är bättre
jämfört med kiselsubstrat, exempelvis lägre radiofrekvensförluster, men framställning av genomföringar i glas är utmanande på grund av svårigheten att
skapa väldefinierade hål i glas. Med hjälp av magnet-baserad montering kan
metalledare placeras i hål oberoende av hålens kvalitet i glassubstratet. Denna
metod kan leda till en bredare användning av glassubstratet, med deras utmärkta egenskaper, inom paketering av mikrosystem. Den tredje tillämpningen, som beskrivs i denna avhandling, är substratgenomföringar för användning
vid höga temperaturer. Dessa tillverkas genom magnetisk montering av metalledare med låg termisk expansionbenägenhet i hål i kiselsubstrat. Dessa
kiselgenomföringar har visats kunna minska de mekaniska spänningarna vid
höga temperaturer. Detta skulle möjliggöra användning av substratgenomföringar för att minska komponentförpackningar även för mycket krävande
högtemperaturmiljöer, som till exempel inom rymdindustrin.
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Den fjärde och sista applikationen relaterad till förpackning och integration av mikrosystem rör vertikal sammansättning av mikrochips med hjälp
av ett yttre magnetfält. Tillverkning av mikrosystem är normalt inriktade på
plana strukturer, men vissa tillämpningar kräver strukturer utanför komponentens huvudsakliga plan. Exempel på sådana tillämpningar är en biosensor
placerad i en mikronål införd i vävnad eller flödessensorer som böjer sig i ett
flöde. Tillverkning av vertikala konstruktioner från samma substrat med plana strukturer kräver komplicerade tillverkningstekniker och tar stor yta från
mikrochips. Genom att vertikalt sammanföra olika delar kan konstruktioner
utanför planet tillverkas på ett separat substrat med hjälp av standardmikrofabrikationstekniker och sedan monteras vertikalt till ett annat substrat med
plana strukturer.
Det är inte trivialt att tillverka 3D-mikrostrukturer med hjälp av standardmikrofabrikationstekniker. Med en alternativ metod så kan mikrostrukturer ”3D-printas” med hjälp av tvåfotonpolymerisationsteknik, men polymerers materialegenskaper är i många avseenden sämre än många icke-organiska
material. Denna avhandling visar hur strukturer i kiseldioxidglas med goda
optiska egenskaper kan ”3D-printas” med strukturer mindre än en mikrometer
med hjälp av laserpulser kortare än en pikosekund. Denna nya 3D-frihet vid
mikrofabrikation kan till exempel användas för att bygga avancerade mikroopto-elektromekaniska system.
Det är möjligt att direkt mönstra mikrostrukturer på en yta genom att
utsätta ytan för laserpulser. Dessa strukturer kan påverka ytans optiska egenskaper och vätningsegenskaper. Mer specifikt kan periodiska vågmönster fungera som diffraktionsgitter som förändrar ytans optiska reflektionsegenskaper.
Exponering för laserpulser kortare än en pikosekund kan också orsaka kemiska
förändringar på ytan, och dessa förändringar kan potentiellt påverka reflektionsegenskaperna. Denna avhandling visar hur man genom exponering med
laserpulser kortare än en pikosekund kan orsaka kemiska ytförändringar på
ytan och hur dessa förändringar påverkar de optiska reflektionsegenskaperna.
Denna teknik kan användas för tillverkning av vågmönster, till exempel för
säkerhetsmarkeringar eller för dekorativ användning.
Miku Laakso
Avdelningen för mikro- och nanosystem
Skolan för elektroteknik och datavetenskap
Kungliga Tekniska högskolan, Stockholm, Sverige
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Chapter 1

Introduction
Microdevices are devices with structure sizes measured in micrometers, that is, onethousandth of a millimeter. They are used in a wide variety of technological fields,
such as the automotive industry, consumer electronics, and the medical industry.
Examples of industrially produced microdevices and systems include accelerometers
for triggering the launching of airbags in cars, gyroscopes for sensing the rotations
of mobile phones, micromirror arrays for controlling light reflection in digital light
projectors, and blood pressure sensors, just to name a few. As is apparent from
these examples, microdevices can interact with a wide variety of phenomena such as
mechanics, fluid mechanics, electricity, magnetism, optics, radio-frequency signals,
chemical reactions, and biological entities. The obvious benefit of the microdevices
and microsystems is their small mass and short dimensions. The small size often
leads to also other benefits such as low prize and the low consumption of energy
and reagents.
Microdevices are typically manufactured using a set of standard techniques,
many of which were adopted from the manufacturing of integrated electrical circuits (IC). These techniques include different types of deposition techniques to add
layers of different materials on a substrate. Adding material can be combined with
wet and dry etching techniques to remove material from the surface or from the underlying substrate. Both adding and removing material can be targeted to a specific
area on the surface by covering the surface with photoresist, which is then partially
removed according to a pattern transferred to the photoresist using photolithography. Even though these techniques are well established, they are best suited for
producing planar devices with limited three-dimensional (3D) features. This significantly limits the design freedom available for microdevices. In addition, developing
and setting up production using these techniques is often not economically viable
for low manufacturing volumes. Introducing new techniques for microdevice manufacturing could allow more flexibility to production together with allowing new,
more effective microdevice designs and technical solutions.
This thesis discusses two techniques for manufacturing and integrating mi1
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crosystems, namely sub-picosecond-laser processing and magnetic assembly. Subpicosecond laser pulses can be used to remove, add, and modify material directly in
3D without the need for photolithography. The short pulse length of these lasers is
especially suitable for micromanufacturing because the sub-picosecond laser pulses
can affect material in micrometric or even submicrometric scale. Magnetic assembly
refers to the use of an external magnetic field for handling microdevices and their
components. It can be used to combine devices and components, which are first
manufactured separately, to larger entities. Both of these techniques are previously
known, but they are relatively unestablished in the fields of microfabrication and
integration. This thesis aims to present applications for these techniques in manufacturing and integrating microstructures and systems. The presented applications contribute to smaller and more effective microsystems suitable to challenging
environments, manufacturing solutions for three-dimensional microstructures and
systems, and flexible methods for directly removing or modifying material on a
micrometric scale. The specific objectives of using sub-picosecond-laser processing
and magnetic assembly are presented below in Section 1.1.

1.1

Motivation and objectives

This thesis has six specific objectives. This section presents a short motivation for
each objective. The objectives are stated after the motivation using bullet points.
The chapter to which the objective is linked to is marked in parenthesis.

1.1.1

Vertical microchip assembly

Microsystems have different functionalities such as logic, memory, passive components, radio-frequency components, sensing, and actuation. These functionalities
can sometimes be manufactured on a single microchip using a single process, but
in practice, this type of monolithic integration is often challenging. Instead, specialized processes can be used to manufacture different functionalities on separate
microchips and components, which are afterward integrated into a single system.
Integration involves handling the microchips, which are fragile, require precise positioning, and are difficult to handle due to stiction. These challenges are especially
prohibitive if the microchips are to be assembled perpendicularly to the receiving
site. This type of vertical orientation could be used, for example, for assembling
out-of-plane sensors. The magnetic assembly is a contact-free and thus gentle assembly method, which has been demonstrated earlier for assembling microchips
horizontally.
• Develop a magnetic assembly process for handling and assembling microchips
in a vertical orientation. (Chapter 5)

1.1. MOTIVATION AND OBJECTIVES

1.1.2
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Through-substrate vias

In order to form a complete system, the microchips forming the system have to be
electrically interconnected. The electrical connections between the microchips and
a package are often created using wire bonding or flip-chip bonding using solder
balls. Typically, electrical signals cannot be fed through the microchips, which
sets constraints for forming the electrical connections inside the package. These
constraints are removed if the electrical signals can be fed through the microchips
using through-substrate vias. This leads to a reduced total size of the package. A
constant development toward smaller system sizes is a requirement, for example, in
mobile devices and in the Internet of Things. The shorter electrical connections in
a smaller package also improve system performance by reducing latency in signal
transmission. A through-substrate via consists of two main components: a hole
through the substrate and an electrical conductor in this hole.
Through-substrate holes
Holes through a silicon substrate are most commonly formed using deep reactive
ion etching. However, this method has some limitations that the flexibility of
laser drilling could solve. Laser drilling is not based on photolithography and thus
could allow drilling of holes through uneven surfaces and easily changing the hole
placement in a development phase and when the product design changes. Laser
drilling also lacks the high cost of investment from the etching tools, cleanrooms,
and lithography tools.
• Develop a process for using sub-picosecond laser pulses to drill high-quality
holes through a silicon substrate. (Chapter 3)
Through-glass vias
The electrical conductors in the through-substrate holes are typically created by
depositing or plating metal into the hole. These processes have some challenges
such as the formation of voids inside the metal. The magnetic assembly has been
demonstrated earlier for placing solid, prefabricated metal rods into the throughsubstrate holes in a silicon substrate. However, glass substrates have some benefits
over silicon, especially when used as package or lid substrates. These benefits
include low radio frequency losses, optical transparency, no need for a separate
electrical insulation layer, and a possibility to tailor thermal expansion to reduce
stresses in the package. This makes it interesting to extend the magnetic assembly
method even to through-glass vias.
• Develop a process for using the magnetic assembly to build through-glass vias.
(Chapter 4)
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Through-substrate vias for high temperatures
Thermal-expansion differences between the substrate and the metal conductors in
the holes can create reliability problems. For example, the metal conductor can
be extruded from the hole when heated, thus breaking the layers above. These
problems can be reduced if the conductive material is chosen so that its rate of
thermal-expansion is close to the rate of the substrate material. This could allow
using through-substrate vias to reduce package sizes even in environments with
high temperatures or strong thermal cycling.
• Develop through-substrate vias suitable for high-temperature applications using the magnetic assembly of metal conductors with low thermal expansion.
(Chapter 4)

1.1.3

3D printing of silica glass

The manufacturing of microdevices typically uses lithographic techniques for creating 2D patterns on a substrate. The 2D patterns can be transformed into 3D
structures through bulk and surface micromachining. In bulk micromachining, etching techniques are used to remove material from the substrate, according to the 2D
pattern on the surface. In surface micromachining, layers on the substrate can be
patterned and stacked, sacrificial layers can be removed, and layers can even be
transferred from one substrate to another. However, both bulk and surface micromachining allow only limited capabilities for building 3D structures. Having full
3D freedom would allow new solutions in designing and building microdevices. 3D
printing of polymers using sub-picosecond laser pulses allows this type of freedom,
but polymers are not as stable as the inorganic materials often used in microdevices.
Especially silica glass is commonly used in microtechnology, and it has excellent
material properties such as transparency and stability. 3D printing of silica glass
with submicrometric features could allow building micro-optical devices with full
3D features directly on microchips.
• Develop a process for 3D printing silica-glass microstructures on a substrate
using sub-picosecond laser pulses. (Chapter 6)

1.1.4

Laser-based surface structuring

Microfabrication techniques typically remove or add material on surfaces. Subpicosecond laser pulses can be used to also directly modify an existing surface.
These modifications can be used to affect the optical and wetting properties of the
surface. One type of modification is the creation of periodic ripple patterns, which
change the optical reflectance properties of the surface because they act as reflective
diffraction gratings. This type of laser-induced surface modification could find
applications in decoration and security markings. Sub-picosecond laser pulses have
also been reported to cause chemical changes on the exposed surface. This raises the

1.2. OVERVIEW
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question of whether these chemical changes affect the optical reflectance properties
of the surface with ripple patterns. Understanding the role of the chemical changes
could allow better control of the reflective properties.
• Create ripple patterns on a metal surface using sub-picosecond laser pulses
and investigate the effects of chemical changes to the reflection characteristics
of the surface. (Chapter 7)

1.2

Overview

This thesis is divided into eight chapters. Chapter 2 gives background information
about magnetic assembly and sub-picosecond-laser processing. Chapters 3-7 aim
to meet the six objectives of this thesis, which are listed in Section 1.1. Chapter 8
shortly summarizes the results of this thesis and discussed how the objectives were
fulfilled. The contents of Chapters 2-7 are shortly described below.
Chapter 2: This chapter gives background information about the two main
techniques used in this thesis. Magnetic assembly and its use in combination with
shape matching are shortly described. This chapter also describes the theoretical
background of the interaction between sub-picosecond laser pulses and target material. The aim is to describe why these very short laser pulses allow affecting the
target material in multiple ways down to the submicrometric scale.
Chapter 3: This chapter demonstrates the use of sub-picosecond laser pulses
for drilling holes through a silicon substrate. These holes could be used in forming
through-silicon vias. Laser drilling often suffers from the poor quality of the drilled
holes. The quality is found to be significantly enhanced if a water layer is placed
under the silicon substrate during drilling. Laser drilling allows the formation of
inclined holes through the substrate, which would be challenging to accomplish
using traditional etching techniques. The inclined via holes could find use, for
example, in improving the radio-frequency performance of through-silicon vias.
Chapter 4: This chapter presents the magnetic assembly of metal rods, with
a thickness of tens of micrometers and a length of hundreds of micrometers, for
the purpose of using them as electrical feedthroughs in microdevices and packages.
Two substrate materials are used in this chapter: glass and silicon. Glass provides a
more challenging environment for magnetic assembly than silicon. This is because
the less accurately formed holes in glass provide less friction to keep the assembled
metal rods in the holes. The magnetic assembly method is adapted to compensate
for this challenge. Thermal expansion differences between the metal rods and the
substrate can cause problems in high-temperature applications. This in mind, this
chapter identifies ferromagnetic metal alloys that provide better thermal-expansion
matching to glass and silicon than most standard metals. One of these alloys is
then used to build through-silicon vias, which are tested using thermal cycling and
exposure to elevated temperatures.
Chapter 5: This chapter demonstrates the magnetic assembly of microchips
in a vertical orientation. The microchips were made reactive to a magnetic field by
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depositing a ferromagnetic metal layer on the backside of the microchips. Patterning of the metal layer allowed controlling the microchip orientation in the magnetic
field, thus making the assembly possible. The speed of the assembly is a critical
aspect of using magnetic assembly in a real production environment. A model was
developed to describe the progress of magnetic assembly over time, and the predicted assembly times would allow assembling even a large number of components
without prohibitive time delays.
Chapter 6: This chapter shows 3D printing of silica-glass structures with submicrometric features. Starting material for 3D printing is hydrogen silsesquioxane,
which has been used earlier as a resist in electron-beam lithography. 3D printing
was done by cross-linking hydrogen silsesquioxane to silica glass in the focus of the
sub-picosecond laser pulses. The 3D printed structures benefit from baking at 900
ºC to remove impurities and to turn them to pure silica glass.
Chapter 7: This chapter investigates the periodic ripple structures induced on
a metal surface using sub-picosecond laser pulses. The ripples cause surface colors,
which are dependent on a viewing angle and the polarization of the illuminating
light. The chemical changes created on the surface by the laser pulses were investigated using X-ray photoelectron spectroscopy (XPS). Colors on the metal surface
were found to not only originate from the ripples but also chemical changes on the
surface were found to affect the colors.

Chapter 2

Background of manufacturing
techniques
2.1

Magnetic assembly and shape matching

As mentioned in Section 1.1, the heterogeneous integration of microcomponents allows benefits in comparison to monolithic integration, but the challenge in heterogeneous integration is combining the separately manufactured components into a
single system. A common method for moving separate components is using a pickand-place robot. This type of an approach can be extended even to extremely
small scales where mechanical grippers and probes make it possible to manipulate
objects with sizes all the way down to nanoscale [1, 2, 3, 4, 5]. However, using the
mechanical pick-and-place approach to assemble components gets more demanding
when the component size decreases. This is due to fragility and stiction of the small
components [6]. In addition, the serial nature of the process makes it slow if a large
number of small components are to be assembled. Instead of using pick-and-place
approaches, self-assembly can provide a way to assemble components in micro- and
nanoscales [7]. A large number of these self-assembly methods have been reported
in the literature [6]. Many of these methods are parallel, which makes them scalable
and thus suitable for assembling large amounts of small components. In order to
move the microcomponents, electric and magnetic fields, capillary forces, gravitation, and mechanical shaking have been used [6]. In this thesis, magnetic fields are
used to move and orientate the microcomponents, which are then selectively aligned
and locked into their final positions by shape matching between the assembled part
and the receiving location.
The magnetic assembly is based on a magnetic force experienced in a magnetic field. The magnetic field is typically created by a permanent magnet, which
consists of magnetically hard material that has been magnetized. A permanent
magnet can be placed into the target location on a receiving substrate to attract a
microcomponent, which contains another permanent magnet or magnetically soft
7
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material that is magnetized by the field of the permanent magnet [8, 9]. Building
permanents magnets into microcomponents or substrates is not straightforward,
and to avoid this challenge, external permanent magnets aligned underneath the
substrate can be used instead [10]. In this type of approach for magnetic assembly,
the microcomponents are bought close to their target location using external agitation such as mechanical vibration. Vibration can be replaced by manipulating the
external magnetic field to move the microcomponents. This method has been used
to move magnetic microrobots [11, 12, 13, 14]. It can also be used for magnetic
assembly as is done in this thesis. In this approach, magnetic microcomponents
are dragged on a target substrate by moving an assembly magnet underneath the
substrate [15, 16, 17]. The lateral movement of the microcomponents originates
from a magnetic field gradient at the edge of the magnet, which causes a lateral
force pulling the microcomponents towards the field maximum at the center of the
magnet [18]. For assembly, point-like magnetic poles typically work best because
the field gradients on all sides keep the microcomponents tightly together while
being moved. Moving the microcomponents is only possible when the lateral force
can overcome the friction between the microcomponents and the target substrate.
The lateral force can be most significantly affected by increasing the volume of
magnetically active material in the assembled microcomponents. Friction can be
reduced by keeping all the sliding surfaces clean. Assembly in liquids has been also
tested to decrease the friction but was not used in this thesis.
In addition to moving the microcomponents, the external magnetic field can
also be used to align the components to a preferred direction through rotations.
This makes it possible to move the microcomponents in an orientation that allows
their easy assembly. Torques on the microcomponents are caused by a misalignment between their magnetization direction and the external magnetic field [18].
The magnetization direction of ferromagnetic material can be affected by shape
anisotropy where the shape of the ferromagnetic material creates an easy and hard
axis for magnetization. For example, a ferromagnetic metal rod has an easy axis
of magnetization along its length [15, 17, 19, 20, 21]. This effect is utilized in the
magnetic assembly of metal rods to through-substrate vias in Chapter 4. A ferromagnetic film has an easy axis on a film plane and a hard axis perpendicular to
the film [22]. Similarly to metal rods, striping the film causes the easy axis to align
with the stripes [23, 24]. Increasing the aspect ratio of the stripes strengthens this
effect [25]. Striping was used in Chapter 5 to create a preferred lifting axis for assembling microchips. As with lateral movement, the rotations of microcomponents
are prevented if other forces, such as stiction or gravitation, are stronger than the
magnetic torque driving the rotations.
Shape matching between the assembled components and the assembly location
can be used as a self-assembly method [6]. The assembly location can either be a
hole where the assembled component fits [26, 27, 28], or the assembly location can
have a geometric feature that attaches to a geometric feature in the component to
be assembled [29, 30, 31, 32]. Shape matching can define the final component orientation either perfectly or allow different orientations. Depending on the application,
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such as the symmetries of the assembled component, different levels of orientation
control are needed. Stochastic movement of components to their shape-matching
locations is induced by external excitation such as fluid movements or shaking. In
order to prevent an already assembled component to be removed from its position
by the external excitation needed for the movement of the components, the shape
matching has to provide the means for keeping the component in place.
In this thesis, shape matching is used to complement magnetic assembly (see
Chapters 4 and 5). Instead of shaking or fluid movements, the microcomponents
are moved by the external magnetic field. This assembly method has a stochastic feature that emerges when the microcomponents move over the receiving holes
and need to align with the hole opening in order to drop in. In Chapter 5, shape
matching was also used to gain additional control over the orientation of the microcomponents. Using receiving holes with a tight fit to the microcomponents
prevented multiple microcomponents from assembling into the same location. Friction between the microcomponent and the sidewalls of the receiving hole kept the
components in place after the assembly. An exception to this is presented in Section 4.2 where the fit between the microcomponent and the hole is not tight enough
to reliably keep the microcomponent in the hole. Instead, the assembly magnet is
kept underneath the assembly area until the assembled components are fixed to the
holes by filling the empty volume in the hole with a fixing agent.

2.2

Sub-picosecond laser pulses for microfabrication

Lasers are widely used today in cutting and welding of macroscale structures. However, continuous-wave lasers are not suitable for affecting material in micrometric
and submicrometric scales because they create a too large zone of thermal effects
around the laser focus, often called a heat-affected zone. In contrast, short laser
pulses with a temporal length from a few picoseconds down to a few femtoseconds
allow affecting material in the micrometric and submicrometric scales. The reasons
for this are discussed in detail below. The laser pulses used in this thesis are hundreds of femtoseconds in length and the term sub-picosecond is used throughout
this thesis to refer to these very short laser pulses, sometimes also called ultrashort
pulses. The possibility to affect material in very small scales using sub-picosecond
pulses makes them an interesting tool for manufacturing microstructures and devices. The sub-picosecond laser pulses allow both fast prototyping of structures
also achievable with traditional lithography-based micromanufacturing methods
and completely new structures and manufacturing sequences that have not been
possible with the traditional lithography-based methods.
In order to understand why sub-picosecond laser pulses allow material modification in a micrometric scale, one has to consider how laser energy is absorbed into
target material, the changes caused in the target, and the different timescales of
these processes (see Figure 2.1). The laser pulse is absorbed by charge carriers in
the material, which are often electrons. The electrons can originate from the va-
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lence band or can already exist in the conduction band and gain more energy from
the absorbed photons through inverse bremsstrahlung [33, 34]. The already excited
electrons can lift more electrons from the valence band through avalanche ionization
and Auger effect [33]. Thermalization between electrons happens through electronelectron scattering almost instantaneously [33, 34]. The excited charge carriers can
cause permanent modifications in the target material in different timescales. Photochemical effects can start immediately when electrons are excited and can continue
for nanoseconds [33]. With very high pulse energies, or more typically when the
target material is an electrical insulator, the Coulomb explosion can occur [35]. The
Coulomb explosion is caused by electrons escaping from the material surface, which
in turn releases a thin surface layer of ions from the lattice. Coulomb explosion can
occur during the first hundreds of femtoseconds [35]. If the electrons remain in the
material, they transfer their energy to the lattice through carrier-phonon scattering. An electron-phonon collision rate dictates that in most materials the electrons
transfer their energy to the lattice after around one picosecond [33]. The energy
transferred to the lattice can cause melting and ablation [33]. Melting of the lattice
occurs between a few picoseconds and a hundred picoseconds [34]. If the energy
transferred to the lattice is high, the lattice can be fragmented to atoms, ions, and
small clusters during tens of picoseconds [35]. Smaller energies can cause phase explosion within tens to hundreds of picoseconds releasing a mixture of droplets and
vapor [35]. Thermoelastic waves are also possible and can cause spallation [35].
Afterward, the lattice cools and solidifies rapidly [34]. Cooling can create changes
to the lattice resulting in amorphization and recrystallization taking up to several
microseconds [33].
In order to create a permanent change in the material lattice, a certain threshold
fluence has to be exceeded. Since the laser pulses typically have a spatial Gaussian
energy distribution, the fluence at the center of the focus is the highest possible.
If the laser pulse energy is selected so that only the center of the Gaussian energy
distribution exceeds the threshold fluence value, smaller modified areas or volumes
than the diffraction limit can be created [37]. The modification threshold is often
decreased if multiple subsequent pulses affect the same area. This is often called an
incubation effect and can be explained by the exponential accumulation of defects in
the material [33]. Well defined threshold values for different types of modifications
make it possible to create controlled changes in the target material on a micrometric
scale. The controllability is enhanced by the fact that sub-picosecond pulses end
before the energy in the pulse is absorbed into the lattice. This makes it possible to
transfer the whole pulse energy into the lattice in a short time period. The energy
transfer to the lattice with sub-picosecond pulses can be compared to longer laser
pulses, such as nanosecond pulses, where energy is gradually absorbed to the lattice
during the pulse. In this situation, part of the absorbed energy diffuses away from
the laser focus to the surrounding material, thus creating an extended heat-affected
zone around the laser focus [38]. Even though the sub-picosecond pulses typically
affect a cool lattice, this situation can be changed if the time delay between the
laser pulses is shorter than the time required for heat dissipation from the previous
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Figure 2.1: The timescales of the phenomena related to the absorption of a subpicosecond laser pulse to target material. Figure source: [36]. Reprinted by permission
from Springer Nature Customer Service Centre GmbH: Springer Nature, Nature Photonics, "Femtosecond laser micromachining in transparent materials", Rafael R. Gattass and
Eric Mazur, © 2008.

pulse to the surrounding material. For example in silicon, a pulse repetition rate
of 100 kHz does not lead to significant heat accumulation, but a repetition rate of
1 MHz produces a heat-accumulation effect [39].

2.2.1

Effects on surfaces

Laser pulses hitting a surface can be used to remove material layers from the surface through ablation. The traditional lithography-based microfabrication techniques typically use physical photomasks to define the patterns transferred on the
substrate surface. This makes changing the design expensive and time consuming
since new photomasks have to be manufactured for each design change. In contrast,
direct patterning using laser operates based on a digital design instead of physical photomasks. Therefore, direct patterning allows fast design changes, which
are needed in prototyping as well as in research and development. In Chapter 4,
metal layers were patterned using ablation to allow the electrical characterization
of the manufactured devices. In addition, laser ablation is not dependent on the
shape of the surface, because the focus height of the laser can be adjusted to follow
the shape, whereas lithography techniques are significantly affected if a flat surface is not available. In Chapter 5, a ferromagnetic metal layer at the bottom of
a trench was patterned using laser ablation to allow beneficial magnetic behavior.
Particles produced in laser ablation can create problems if laser ablation is used
to drill holes in a material. Particles can accumulate inside the drilled hole and
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prevent a continuation of the hole drilling. In Chapter 3, water is used to carry
away the particles produced in the laser drilling. A laser pulse hitting a surface
leaves primary damage on the surface but also creates secondary structuring inside
the laser affected zone [40]. One specific category of the secondary structuring is
the formation of periodic ripples on the material surface, called laser-induced periodic surface structures (LIPSS). LIPSS can be applied to tasks such as altering
surface wetting properties, cell growth on surfaces, and the optical characteristics
of the surfaces [40, 41]. In Chapter 7, sub-picosecond laser pulses are used to create
viewing-angle-dependent colors on a metal surface. Both the LIPSS and chemical
changes on the metal surface are found to contribute to the coloring. In addition
to the applications above, sub-picosecond laser pulses can also be used for other
microfabrication applications. For example, laser-induced forward transfer (LIFT)
allows transferring various materials from a donor substrate to a receiving substrate
[42]. One type of LIFT is based on localized melting of a metal layer with a laser
pulse, thus allowing the transfer of micro- and nanometer-sized metal droplets, a
type of 3D printing [42].

2.2.2

3D modifications inside transparent materials

Since the sub-picosecond laser pulses are compressed to a short time scale, their
peak intensities can be extremely high. The high intensity allows the absorption
of multiple photons simultaneously, which makes it possible to induce changes in
material normally transparent for the used wavelength. This allows focusing subpicosecond laser pulses inside transparent material so that only at the focus the
intensity exceeds the threshold required for multi-photon absorption. The absorbed
energy can be used to selectively modify the transparent material. These modifications can be utilized in different ways to create 3D structures [36]. For example,
refractive-index changes in the transparent material allow the direct writing of
optical waveguides. The laser-treated material also becomes more susceptible to
chemical etching and this effect allows etching channels predetermined by the laser
exposure [36]. In addition, localized melting at the interface between two transparent substrates or between a transparent and an opaque substrate allows local
bonding of the substrate pairs [36, 43, 44, 45].
Sub-picosecond laser pulses can also be used for 3D printing of polymer structures in micro- and nanoscale [46]. This process is based on selective polymerization
or cross-linking at the laser focus by multiple photons. At the focus, typically two
photons contribute to the chemical reaction, which explains the term two-photon
polymerization often used for this process. In addition to monomers, photoinitiators
can be added to create radicals that mediate the polymerization [47]. Two-photon
polymerization allows the creation of 3D structures that are difficult or impossible to create using traditional lithographic techniques. The 3D printed polymer
structures can be used for various tasks in areas such as optics and microfluidics
[47]. Not only organic polymers have been demonstrated but also hybrid organicinorganic polymers have been used [48, 49, 50, 51, 52, 53]. Hybrid materials allow
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improved material properties in comparison to purely organic polymers. For example, tolerance to higher temperatures [49] or increased electromagnetic radiation
flux [51] can be achieved. In Chapter 6, 3D printing is demonstrated in completely
inorganic hydrogen silsesquioxane (HSQ), resulting in 3D silica-glass structures.

Chapter 3

Laser drilling of holes through a
silicon substrate
This chapter aims to fulfill the following objective of this thesis: Develop a process
for using sub-picosecond laser pulses to drill high-quality holes through a silicon
substrate.
Holes through a silicon substrate are commonly used in microsystems. For
example, they are a requirement for through-silicon vias, which are discussed in
Chapter 4. The most typical method of making holes through a silicon substrate
is using deep reactive ion etching (DRIE). DRIE is usually carried out as the socalled Bosch process where cycles of plasma etching and deposition of passivation
layers allow the production of vertical hole sidewalls [54]. This is in contrast to
wet chemical etching using potassium-hydroxide (KOH) solution, which results in
inclined sidewalls and thus larger footprints on a substrate [55]. As an alternative
to DRIE, laser ablation can be used to create holes through silicon with vertical
sidewalls. Laser ablation provides some advantages in contrast to DRIE, and these
advantages are largely dependent on the lack of need for masking layers produced
using photolithography and photomasks. Instead, laser ablation functions based on
digital design files, which makes it possible to change designs quickly without the
extra costs related to the photomasks. The quick design changes are suitable for the
production of small series as well as prototyping and product development. In addition, applications with low through-silicon-via densities, such as MEMS packages
and solar cells [56], can provide opportunities to reduce total costs when using laser
ablation instead of DRIE [57]. Photolithography used for DRIE typically requires
a flat substrate surface whereas laser ablation can easily adapt to different surface
heights by changing the focusing distance. This makes it in principle possible to
drill holes at the bottom of cavities or on tilted surfaces. The present chapter also
demonstrates that laser ablation allows the production of inclined holes, which is
a challenge for DRIE. In contrast to DRIE, laser ablation is not heavily material
15
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dependent, which makes it possible to penetrate multiple layers in or on a silicon
substrate. A such a layer can be, for example, the oxide layer in a silicon-oninsulator (SOI) substrate, a surface passivation layer, or a conductive metal layer.
Taken together, the above-mentioned reasons make laser ablation an interesting
approach for drilling holes through silicon.

3.1

Dry laser drilling

Figure 3.1: Cross-section SEM images showing holes drilled into silicon without water
behind the substrate. The number of laser pulses used to drill each hole is indicated
above the SEM images. Both defect types of the holes, bending and branching, are visible
at the bottom part of the holes. The two close-up images demonstrate the increasing
accumulation of debris on the hole sidewalls when the number of laser pulses is increased.
Figure source: Publication IV, DOI: 10.1364/OE.377256, copyright © 2020 Optical Society
of America.

Laser drilling can be carried out using lasers with different pulse lengths. Lasers
with pulse lengths measured in nanoseconds are commonly used for material processing and have been demonstrated for creating holes through silicon substrates
[58, 59]. However, in comparison to DRIE, laser drilling produces often holes with
lower quality. Controlling the shape of the hole in order to achieve straight sidewalls
with the desired slope can be a challenge [58]. The sidewalls are also often rough
and covered by ablation debris. This requires treating the holes with wet etching
after laser drilling to improve their quality [59]. Even though the production of
through-silicon holes using nanosecond pulses is possible, the nanosecond pulses
typically produce larger damaged volume around the drilled hole in comparison to
shorter picosecond and femtosecond pulses [60].
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Even though shorter pulses can reduce the damage to the surrounding material
around the drilled hole, producing long holes with good quality while using short
pulse lengths can be challenging [57, 61]. Typically sub-picosecond laser pulses
extend the hole depth initially quickly, but after a certain number of laser pulses, the
depth extension slows down considerably [56, 62, 63, 64]. This slowdown has been
attributed to a change with extending hole length where the laser pulse is guided in
the hole by the hole sidewalls instead of being freely focused to the bottom of the
hole [56]. When the extension of the hole has slowed down and the drilling is still
continued, defects to the hole shape start to develop [63, 64]. These defects include
bending of the hole and formation of multiple hole branches. The defects, together
with the accumulation of ablation debris on hole sidewalls, are visible in Figure
3.1, which shows holes drilled in silicon using sub-picosecond laser pulses without
water behind the substrate. The formation of the defects has been attributed to
reflections from hole sidewalls [64, 65, 66] and to the interaction of the laser pulse
with the ablation products from the previous pulse still present inside the deep and
narrow hole [67]. Laser drilling in vacuum allows easier dispersion of the ablation
products from the drilled hole and has been reported to allow extending the length
of a drilled hole if large laser pulse energies are used [68]. In addition, deposition
of debris on hole sidewalls is reduced in vacuum [68, 69]. However, the extended
portion of the drilled hole is of low quality expressing poorly defined shape. A
similar low-quality hole extension can be achieved using high pulse repetition rates,
which cause heat accumulation in the target material and thus increase the rate of
material removal [69]. On the other hand, low pulse repetition rates can be used to
reduce the interaction between the laser pulses and the ablation debris [69]. This
allows straight holes in modest lengths but slows down the drilling process due to
the larger time delay between the laser pulses.

3.2

Water-assisted laser drilling

In order to improve the quality of the laser-drilled holes, water can be brought
in contact with the ablated material. Water has several effects on the ablation
process. When ablation products are released from the target material, they are
directly suspended in water without having the possibility to deposit of the sidewalls
of the hole. In addition, water confines the ablation plume and can increase the
strength of the ablation-plume recoil on the ablated surface [70, 71]. Cavitation
bubbles can also occur in water, and their collapse near a solid surface can enhance
material removal [71]. Water on top of a drilled surface has been demonstrated
to help with the drilling process [72, 73, 74], but maintaining a bubble-free water
film with a constant thickness on the substrate during drilling is challenging. To
circumvent this problem, water can also be placed behind the drilled substrate.
This was first demonstrated for transparent substrates where sub-picosecond laser
pulses can be focused through the substrate to the water-substrate interface at the
backside of the substrate [75, 76, 77, 78, 79, 80]. However, this type of drilling
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Figure 3.2: Cross-section SEM images showing holes drilled into silicon with water
behind the substrate. The number of laser pulses used to drill each hole is indicated
above the SEM images. After the holes have penetrated through the substrate, they
expand laterally starting from the bottom part of the hole. The shape defects of the holes
are removed due to the lateral expansion. A smooth surface is created on hole sidewalls.
Figure source: Publication IV, DOI: 10.1364/OE.377256, copyright © 2020 Optical Society
of America.

approach is difficult to realize for a silicon substrate, even when using wavelengths
with weak linear absorption in silicon. This is because controlled ablation at the
selected depth in silicon is disturbed by the interaction of the sub-picosecond pulse
with the silicon at the pre-focal region [81, 82, 83, 84, 85, 86].
The water behind the substrate can be utilized even with opaque substrates by
using a different approach. In this approach, an initial hole is drilled through the
substrate, after which water enters the hole from the backside of the substrate. If
drilling is continued, water in the hole helps in further widening the hole. This
approach has been demonstrated in trepanning holes through a ceramic substrate
using 12 picosecond pulse length and allowed decreasing the sidewall taper angle of
the drilled holes [87]. In the present chapter, a similar approach is demonstrated for
improving the quality of the percussion drilling of holes through silicon substrates
using sub-picosecond pulses. The dry drilling of holes presented in Figure 3.1 was
replaced by drilling with water behind the substrate. This approach resulted in the
holes presented in Figure 3.2. After the holes penetrated through the substrate,
improved ablation due to the presence of water allowed the widening of the holes
starting from the bottom part of the holes. This gradually removes both the shape
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Figure 3.3: Cross-section SEM images showing a) a vertical and b) inclined hole drilled
through silicon with water behind the substrate. The number of laser pulses is high in
order to expand the holes and thus improve their quality. The drilling of the inclined hole
required a higher number of laser pulses than the drilling of the vertical hole. This can
be attributed to the extended length of the inclined hole. Figure source: Publication IV,
DOI: 10.1364/OE.377256, copyright © 2020 Optical Society of America.

defect of the holes as well as the debris accumulated on the sidewalls. Extending
the number of laser pulses up to 100 000 (i.e., one second of drilling using a pulse
repetition rate of 100 kHz) allowed the production of high-quality holes through
a silicon substrate (see Figure 3.3a). The dimensions of these holes are suitable
for through-silicon-via applications that do not demand very high aspect ratios.
The aspect ratio and drilling speed could be further improved, for example, by
using higher single-pulse energies. Additionally, inclined holes were produced by
changing the angle between the laser propagation direction and the surface normal
(see Figure 3.3b). According to simulation results, the inclined holes could improve
the high-frequency performance of through-silicon vias in comparison to vertical
vias.

Chapter 4

Through-substrate vias
This chapter aims to fulfill the following two objectives of this thesis: (1) Develop a
process for using the magnetic assembly to build through-glass vias and (2) develop
through-substrate vias suitable for high-temperature applications using the magnetic
assembly of metal conductors with low thermal expansion.
Electrically interconnecting microchips and other microcomponents is a requirement for creating a complete microsystem. One approach to this is to package the
microchips separately and interconnect them through a printed circuit board. In
order to shorten the interconnects and to reduce the size of the total system, the
microchips can instead be packaged together on a common package substrate (see
Figure 4.1a). If this package substrate is made of a material that allows a highdensity redistribution layer on its surface, such as silicon or glass, it can allow
a significant reduction of both the lengths of the electrical connections and the
package size. This type of a package substrate, called an interposer, can have highdensity vertical electrical feedthroughs from its top surface to its bottom surface
to connect the microchips to the printed circuit board or a low-density package
substrate underneath. The vertical feedthroughs through the interposer are called
through-substrate vias. In addition to interposers, the through-substrate vias can
also be used to create electrical connections through individual microchips. This
allows stacking microchips on top of each other to save area while running the
electrical connections inside the microchip stack. For example, through-substrate
vias can be used to electrically connect a micro-electro-mechanical system (MEMS)
through its encapsulating cap substrate to the package (see Figure 4.1b) [57, 88].
Two common substrate materials in micromanufacturing are silicon and different types of silica glasses. Silicon is probably the most commonly used substrate
material with established machining techniques for microfabrication whereas glass
can provide distinct benefits in comparison to silicon. Glass has excellent RF (radio frequency) properties [89, 90]; does not require a separate insulator layer like
silicon does; allows visible wavelengths to pass through to allow, for example, vi21
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Figure 4.1: Packaging formats with different densities. a) MEMS and integrated circuit
(IC) chips mounted on a package substrate with low interconnect density. Mounting
is done using flip-chip bonding and wire bonding. b) Stacking of microchips for highdensity packaging. Through-silicon vias (TSV) and through-glass vias (TGV) provide
electrical connections through the chip stack. This figure is combined from two figures in
[88]: Springer Nature, Microsystems & Nanoengineering, "Integrating MEMS and ICs",
Andreas C. Fischer, Fredrik Forsberg, Martin Lapisa, Simon J. Bleiker, Göran Stemme,
Niclas Roxhed, and Frank Niklaus, copyright © 2015 IECAS, license CC BY-NC-SA 4.0
(https://creativecommons.org/licenses/by-nc-sa/4.0/).

sual inspection through the substrate [91]; and allows tailoring the coefficient of
thermal expansion to reduce stresses in the package [92]. However, the formation of high-quality holes in glass is challenging. Holes in glass can be created
using multiple methods, for example laser drilling, but it is challenging to achieve a
similar hole quality as in silicon deep reactive ion etching (DRIE) while simultaneously maintaining a high processing speed [93]. This chapter presents the filling of
through-glass holes and through-silicon holes with electrical conductors using the
magnetic assembly method, which is also discussed in Section 2.1 and in Chapter
5.

4.1

Methods for filling through-substrate holes with
conductive material

Through-substrate holes have to be filled with conductive material in order to create
through-substrate vias. A wide variety of through-substrate-via technologies has
been developed and reported in the literature [57]. A typical approach for filling
with conductive material consists of chemical vapor deposition (CVD) of adhesion
and barrier metal layers followed by electroplating copper on the deposited layers.
The electroplating is done in a super-conformal manner in order to prevent voids
trapped inside the plated metal [57]. However, the super-conformal plating is challenging and depends on the geometry of the hole. This can be especially problematic
for electroplating through-glass vias, which often have poorly defined shapes and
low-quality hole sidewalls. The challenge of electroplating can be diverted if a glass
substrate is instead molded around the conductive via cores [91, 94, 95, 96]. How-
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ever, this approach is challenging due to the high temperatures needed for reflowing
glass around the conductive cores [95] and deficiencies in the exact positioning of
the cores [91, 96].
Through-substrate via holes filled with electroplated copper also suffer from poor
thermal-expansion compatibility between the copper and a silicon or glass substrate.
This is especially problematic for demanding application areas where operating
temperatures vary widely [97] or are constantly high. The higher coefficient of
thermal expansion (CTE) of copper can cause, for example, extrusion of the copper
filling out of the via hole [98]. Stresses between the substrate and the copper filling
can be alleviated by creating an air gap between the copper plug and the hole
sidewalls [99]. Instead of using a copper filling, the hole can also be filled by CVD
of doped polysilicon [100]. Polysilicon has better CTE matching with substrates but
suffers from high resistivity in comparison to metals [91]. Tungsten also has a low
CTE and provides better conductivity as a metal. It can be deposited into the via
holes, but the high stresses of the deposited tungsten allow filling only very narrow
holes [101, 102, 103]. Instead of completely filling the via hole with a conductive
material, only a metal liner can be deposited on the via sidewalls [89]. This approach
avoids complicated electroplating for complete filling and leaves space for metal to
freely expand when temperatures are increased. However, leaving the centers of
the via holes open prevents placing solder bumps directly on the vias [104]. Placing
the solder bumps instead next to the vias takes extra surface area and reduces via
density. The open via holes also complicate possible later lithography steps where
the spin-coating of photoresist is disturbed by the open holes.

4.1.1

Magnetic assembly for filling through-substrate vias

In this thesis, magnetic assembly is used to create through-substrate vias. The
magnetic assembly is based on using a magnetic field to drag ferromagnetic metal
rods into the via holes. The rods stand up in the magnetic field to align with
the field, as discussed in Section 2.1 (see Figure 4.2). Moving the external magnet allows dragging the metal rods on the substrate surface in order for them to
drop into the via holes. The ferromagnetic metal rods have a diameter of tens of
micrometers and a length exceeding the typical substrate thicknesses between 300
µm and 500 µm. The rods were fabricated by cutting from commercially available
metal wires [15, 17]. Cutting the rods from the metal wires guarantees void-free,
high-quality metal. This is in contrast to the possible voids formed inside metal in
electroplating and the high stresses in deposited metal layers. In addition, magnetic
assembly is not complicated for long vias in contrast to deposition and electroplating. Magnetic assembly of ferromagnetic metal wires has been demonstrated earlier
for high-aspect-ratio through-silicon vias [15] and for through-silicon vias intended
for high-frequency applications [17]. In this thesis, magnetic assembly is demonstrated for glass substrates and for high-temperature through-silicon vias. For the
through-glass vias, magnetic assembly allows inserting a metal core into a via hole
without a need to carefully adjust the hole shape. For high-temperature use, two
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Figure 4.2: An optical photograph of nickel wires on a glass substrate. The nickel wires
are erected by a permanent magnet kept underneath the substrate. Between the substrate
and the magnet is a magnetic-field-flux detector foil that changes its color based on the
field strength. The edges of the created magnetic field are visible in the foil. The glass
substrate has an array of via holes ready to be assembled. Figure source: Publication II,
DOI: 10.1109/ACCESS.2018.2861886, copyright © 2018 IEEE.

ferromagnetic metal alloys were identified with low CTE, matching well with the
CTE of common substrate materials.

4.2

Through-glass vias

Through-glass vias were fabricated using the process flow in Figure 4.3. The shape
of the holes did not tightly match the shape of the nickel rods, which meant that
the nickel rods quite easily disassembled if the assembly magnet was moved away
from underneath the assembled area. This problem was solved by placing a separate assembly magnet underneath each area of the substrate with holes. These
magnets were kept underneath their respective areas after assembly to prevent the
disassembly of the rods. The magnets were removed only after the rods were permanently fixated in the holes. The fixation was done by filling the empty volume
in the hole by spin-on glass followed by baking. The blind via holes were opened
from the backside by thinning the glass substrate using wet chemical etching. The
etchant started to penetrate to the substrate material on the hole sidewalls and
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Figure 4.3: An illustration of the through-glass-via manufacturing process together with
SEM and optical microscope images of the manufactured structures. a) Nickel rods are
fixated into the via holes using spin-on glass. b) Mechanical surface planarization. c)
Laser ablation of isolation lines in the metal layer on the top surface of the substrate. d)
Thinning of the substrate from the backside of the substrate. e) Removal of the spinon glass covering the nickel rods. f) Laser patterning of the metal layer and jetting of
solder-paste droplets. g) A cross-sectional SEM image of a single through-glass via. h)
An SEM image of spin-on glass covering a nickel rod. i) The end of the same nickel rod
after revealing it from underneath the spin-on glass. j) An optical microscope image of
the solder paste deposited on the through-glass vias. Figure source: Publication II, DOI:
10.1109/ACCESS.2018.2861886, copyright © 2018 IEEE.

prevented continuing substrate thinning after reveling the through-glass vias (see
Figure 4.3i). It is possible that the process of forming the holes in the glass left a
damaged material layer on the hole sidewall, which had a higher etching rate than
the undamaged substrate material. The excess spin-on glass covering the nickel
rods in the holes was removed by mechanical grinding. Due to the early termination of substrate thinning, some nickel rods did not reach to the substrate surface.
Therefore, revealing these nickel rods was finalized using laser ablation followed by
a short metal wet etch to clean the ends of the nickel rods. The substrate thinning
process could be improved by removing the damaged material on the hole sidewalls
already before assembly by wet etching or by finalizing the substrate thinning using
a mechanical thinning method in order to prevent etchant penetration. Alternatively, the holes could be formed directly through the substrate without a need for
later substrate thinning.
The metal layers deposited on both sides of the substrate were patterned using
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laser ablation. This demonstrates direct patterning with sub-picosecond laser pulses
to allow fast prototyping without a need to use photomasks and lithography. The
patterns on the surface metal layers allowed electrical resistance characterization of
the through-glass vias. Results from the resistance measurements are presented in
Figure 4.4. The most probable resistance value for two through-glass vias in series
was 127 mΩ. If the resistance is equally distributed between the two through-glass
vias, a single via has a resistance of 64 mΩ. This is comparable to the values
reported in the literature, where different resistances reported for through-glass
vias include 40 mΩ for nickel plating [105], 153 mΩ for copper plating [95], and
28 mΩ for gold liner on the sidewalls [89]. Because the via holes were completely
filled by the nickel rods and spin-on glass, placing a solder ball directly on the
through-glass via was possible. This was demonstrated by jetting a solder-paste
droplet on the through glass vias (see Figure 4.3j). The demonstrator chips were
heat-treated to reflow the solder balls, which resulted in the final structure seen
in Figure 4.5. Taken together, these results demonstrate the feasibility of using
magnetic assembly for the fabrication of through-glass vias.

Figure 4.4: A histogram of the measured resistances of through-glass-via pairs with
tight (light) and loose (dark) pitches. The histogram bars from these different via pitches
are stacked on each other. The probability-density function estimating the distribution
of the resistances is shown in orange. Figure source: Publication II, DOI: 10.1109/ACCESS.2018.2861886, copyright © 2018 IEEE.
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Figure 4.5: An image rendered from X-ray computed tomography data of a throughglass via pair with solder paste droplets reflown on top of the through-glass vias. Figure
source: Publication II, DOI: 10.1109/ACCESS.2018.2861886, copyright © 2018 IEEE.

4.3

Through-substrate vias for high temperatures

Through-substrate vias intended for applications requiring thermal cycling or high
temperatures benefit from similar thermal-expansion rates between the substrate
and the metal core. If matching expansion rates are achieved, the through-substrate
vias are exposed to reduced mechanical stresses. Therefore, it is interesting to
identify ferromagnetic metals, suitable for magnetic assembly, that have similar
thermal-expansion characteristics with common substrate materials. Material expansion can be described as relative expansion Tr from a reference length L(Tr )
at the reference temperature Tr . The relative expansion can be described as
Tr (T ) =

L(T ) − L(Tr )
,
L(Tr )

(4.1)

where the length at temperature T is L(T ). An instantaneous CTE, αTr (T ), gives
the rate of the relative expansion at temperature T and is defined as
dTr (T )
.
(4.2)
dT
Figure 4.6 shows the instantaneous and semi-instantaneous CTE of different metals
and substrate materials relevant for through-substrate vias. In general, substrateαTr (T ) =
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Figure 4.6: The instantaneous and semi-instantaneous coefficients of thermal expansion
for various substrate materials (dashed lines) and metals (solid lines). Invar and Kovar
alloys have a better match to the substrate materials than nickel, gold, and copper have.
Figure source: Publication II, DOI: 10.1109/ACCESS.2018.2861886, copyright © 2018
IEEE.

conductor pairs close to each other over a wide temperature range are suitable
combinations for reducing thermal stress. It can be noted that two ferromagnetic
metal alloys, Invar (Fe 64, Ni 36 wt%) and Kovar (Fe 54, Ni 29, Co 17 wt%), provide
a good match to different substrate materials. This match is better than that of the
common through-substrate-via metals from very low temperatures up to ∼600 K
(∼327 ◦C) for Invar and ∼750 K (∼477 ◦C) for Kovar. As an exception, tungsten
has excellent thermal matching with the substrate materials, but as mentioned
above, tungsten suffers from high stress after deposition. A quantitative measure
for thermal mismatch is given by mismatch strain [106]. The mismatch strain
m,Tr (T ) is given by equation
Z

T

[αC,Tr (T ) − αS,Tr (T )] dT ,

m,Tr (T ) =

(4.3)

Tr

where αC,Tr (T ) is the instantaneous CTE of the conductor and αS,Tr (T ) is the
instantaneous CTE of the substrate. The mismatch strain describes the accumulated strain when changing temperature away from the reference temperature.
The choice of the reference temperature depends on the temperature in which the
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through-substrate via is assumed to be in a stress-free state. For magnetic assembly, this temperature can be assumed to be the temperature in which the material
binding the ferromagnetic metal rods into the via holes hardens.
As a demonstrator for through-substrate vias adapted for high-temperature use,
Invar metal rods were used for manufacturing through-silicon vias. The manufacturing process is presented in Figure 4.7. A difference in comparison to manufacturing through-glass vias was that the straight sidewalls of the holes in silicon
produce enough friction to reliably keep the assembled Invar rods in the holes without needing to hold the assembly magnet in place during the fixation of the metal
rods. The patterning of the surface metal layers was again done using ablation
with sub-picosecond laser pulses. Finally, the demonstrator chips were placed on
chip carriers and wire bonded for resistance characterization in combination with
thermal stressing. It should be noted that the measured resistances include the
resistances from the wire-bond wires and package leads.

Figure 4.7: An illustration of the through-silicon-via manufacturing process together
with SEM and optical microscope images of the manufactured and packaged structures.
a) Openings created using reactive ion etching in a thermal-oxide layer on a silicon substrate. b) DRIE of holes through the silicon and thermal oxidation of the sidewalls. c)
Magnetic assembly of Invar rods. d) Binding the rods into the holes using spin-on glass.
e) Planarization of the top surface and opening the backside thermal oxide using reactive
ion etching. f) Metal deposition on both sides of the substrate and laser patterning of the
deposited metal layers. g) A demonstrator chip in a ceramic chip carrier with wire bonds
attached. h) A top-view SEM image of a through-silicon-via pair. i) A cross-sectional
SEM image of a through-silicon-via pair together with the bond wires. Figure source:
Publication I, DOI: 10.1109/JMEMS.2016.2624423, copyright © 2017 IEEE.

The Invar through-silicon vias were tested for their tolerance for temperature
cycling and for elevated temperatures. Total of 51 through-silicon-via pairs were
cycled 100 times between −50 ◦C and 190 ◦C. The resistances measured before
cycling were compared to the resistances measured after 65 and 100 thermal cycles. The largest change in resistance together with the initial resistance of each
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through-silicon-via pair are plotted in Figure 4.8. One of the pairs failed and is
not included in the figure. It can be observed that pairs with high initial resistance
also typically increased their resistance as a result of thermal cycling. The pairs
with low initial resistance are quite stable, indicating a good tolerance for thermal
cycling. In addition to cycling, some of the through-silicon vias were also tested for
elevated temperatures of 300 ◦C and 365 ◦C. Figure 4.9 shows the development of
the resistances of these through-silicon-via pairs. It can again be observed that the
pairs with higher initial resistance behave more erratically while the pairs with low
initial resistance are more stable. In addition, capacitances between through-silicon
vias in some of the pairs were measured in combination with thermal stressing and
showed similar trends as the resistance measurements. In general, the throughsilicon vias tolerated temperature cycling and the elevated temperatures well.

Figure 4.8: The largest resistance change for each through-silicon-via pair after thermal cycling for 65 and 100 cycles. The horizontal axis shows the original resistance
of each pair before thermal cycling. Figure source: adapted from Publication I, DOI:
10.1109/JMEMS.2016.2624423, copyright © 2017 IEEE.

After going through all the thermal tests, resistances from four through-silicon
via pairs were measured using a probe station. This avoids including the resistances
of the wire-bond wires and the package leads to the resistance measurements. The
lowest measured resistance out of the four pairs was 569 mΩ. Assuming an equal
distribution of the resistances between the two through-silicon vias gives a singlevia resistance of 284.5 mΩ. Out of this resistance, between 141 mΩ and 160 mΩ are
coming from the Invar rod based on the theoretical conductivity of Invar. Even
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Figure 4.9: The resistances of eleven through-silicon-via pairs during cycling and after
exposure to elevated temperatures. a) Data points from all the eleven pairs. b) A close-up
of the data from the pairs with low initial resistance. Figure source: Publication I, DOI:
10.1109/JMEMS.2016.2624423, copyright © 2017 IEEE.

though Invar resistivity is higher than that of most metals by about one order of
magnitude, it is still five orders of magnitude lower than the resistivity of polysilicon
[57, 107].

Chapter 5

Vertical assembly of microchips
This chapter aims to fulfill the following objective of this thesis: Develop a magnetic
assembly process for handling and assembling microchips in a vertical orientation.
Lithography-based microfabrication techniques are focused on patterning twodimensional layers, which is shortly discussed in Section 1.1. There are, however,
applications that would benefit from the possibility of manufacturing out-of-plane
structures. Examples of such applications include biosensors inserted into tissue
[108] or flow sensors bending in the flow [109]. Out-of-plane structures can be
manufactured in-plane and bent afterward upwards from the surface. Bending can
be done, for example, using a magnetic field [110, 111, 112]. However, the bending
structures take place from the substrate surface and create a common problem in
monolithic integration: system components such as integrated circuits, the sensor,
and a bending hinge together with a bending actuator have to be integrated into the
same microchip using a single process flow. Instead of bending a planar structure
out of a plane, this chapter presents an integration approach where the out-of-plane
component is manufactured separately and subsequently vertically integrated to the
rest of the system using magnetic assembly. This approach can allow completely
new solutions, which would be challenging to realize using monolithic integration.
An example of these solutions is the integration of a glucose sensor into a silicon
microneedle [108].

5.1

Vertical assembly

The vertical integration of microchips into a receiving substrate was done using a
combination of magnetic assembly and shape matching, which are discussed in Section 2.1. The present chapter demonstrates this assembly approach using demonstrator microchips as illustrated in Figure 5.1a-b. The electrical contacting of the
microchips to the receiving substrate was done using wire bonding from the top
edge of the microchips (see Figure 5.1c).
33
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Figure 5.1:
An illustration of the process steps.
a) The magnetic assembly of the microchips.
b) The dimensions of the microchip design.
c) Wire
bonding for electrical connections.
Figure source: adapted from Publication V,
DOI: 10.1038/s41378-019-0126-6, copyright © 2020 the authors, license CC BY 4.0
(https://creativecommons.org/licenses/by/4.0/).

The demonstrator microchips were made reactive to a magnetic field by depositing a nickel layer at the backside of the microchips. The nickel layer has a preferred
magnetization orientation to all the directions in the plane of the nickel layer. This
allows lifting up the microchips in the magnetic field but does not allow controlling
the lifting direction (see Figure 5.2a-b). However, achieving control over the lifting
direction is important because wire bonding electrodes on the microchips must face
upwards after assembly. Partial direction control is achieved when a stripe pattern
is applied to the nickel layer, making the layer effectively a row of ferromagnetic
metal wires (see Figure 5.2c-d). Even with the striping, the microchips can still
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Figure 5.2: Optical microscope images of microchips in a magnetic field. a) A striped
and plain nickel layer cause different lifting directions in a magnetic field. b) Rotating the polarity of the magnetic field causes the microchips to rotate 180 degrees. cd) The striping of the nickel layer allows control over the lifting direction independent of the microchips’ aspect ratio or striping direction. Figure source: Publication
V, DOI: 10.1038/s41378-019-0126-6, copyright © 2020 the authors, license CC BY 4.0
(https://creativecommons.org/licenses/by/4.0/).

orientate in the magnetic field in two ways, just like ferromagnetic metal rods. Once
magnetized, the nickel layer holds its preferred magnetization direction, which allows rotating the microchip 180 degrees by rotating the polarity of the magnetic
field (see Figure 5.2a-b). Around half of the microchips in any group of microchips
used for magnetic assembly have a correct rotation and the other half is rotated the
opposite way: upside down. As the wire bonding electrodes must face up, shape
matching is used to prevent assembly upside down. This is realized through the
T-shape of the microchips where the horizontal part at the top is too wide to enter the receiving hole. Rotation around the vertical axis of the microchips is not
fully controlled by shape matching because the rectangular opening of the receiving
hole allows two possible rotations for the microchips around the vertical axis. This
final orientational freedom should not cause problems for electrical contacting of
the microchips as it can be compensated in wire bonding through automatic image
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Figure 5.3: a) An illustration of the manufacturing steps of the microchips. (I) Thermal
oxidation of the silicon wafer. (II) The etching of the trenches that define the shape
of the microchip. (III) Metal deposition for electrical testing. (IV) Thinning down the
microchips from the backside, deposition of the nickel layer on the backside, nickel striping
using sub-picosecond laser pulses, and laser denting or breaking the silicon tabs holding
the microchips in place. (V) The released microchips ready for assembly. b) An SEM
image of a microchip still attached to the substrate that was used to manufacture the
microchip. The laser striping of the nickel layer is visible. The silicon tabs keeping the
microchip attached to the substrate have been dented with the laser to allow a later
release of the microchip from the substrate. Figure source: adapted from two figures in
Publication V, DOI: 10.1038/s41378-019-0126-6, copyright © 2020 the authors, license CC
BY 4.0 (https://creativecommons.org/licenses/by/4.0/).
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recognition of the microchip orientation.
Sub-picosecond laser pulses were used in the manufacturing of the microchips
(see Figure 5.3). The laser was used for ablation at the bottom of a trench, which
was formed when the microchips were thinned down during the manufacturing process. Thinning was done to achieve a smaller total volume for the microchips while
still allowing a full substrate thickness for the rest of the silicon wafer, which made
the wafer more durable and thus easier to handle. After substrate thinning, a nickel
layer was deposited on the backside of the thinned microchips. This nickel layer at
the bottom of the cavity would have been challenging to pattern using traditional
lithography. In contrast to lithography, laser ablation does not suffer strongly from
non-planar surfaces. Details of the laser-ablated stripe pattern are shown in Figure 5.3b. After striping, laser ablation was used in releasing the microchips from
the substrate. The microchips were held in place by small silicon tabs that were
directly broken to release the microchips or selectively damaged to allow controlled
mechanical breakage later on. In the latter case, ultrasonication was used to finally
break the damaged silicon tabs.

5.2

Assembly speed

For practical solutions, the speed of the magnetic assembly process is a key factor.
In order to characterize the speed of the assembly process, a model describing the
assembly was developed. The magnetic assembly can be thought of as a stochastic
process where each assembly site has the same probability of receiving a microcomponent during a magnet sweep under the receiving site. A mathematical model for
the assembly speed is based on the observation that the assembly process has an
exponential distribution [15, 16, 113, 114]. The exponential distribution function
Fexp (n) is defined [115] as
Fexp (n) = 1 − e−λn for n ≥ 0 ,

(5.1)

where λ is the rate parameter of the distribution and n is the number of magnet
sweeps done for the assembly. The assembly process can also be described by the
probability density function P DFexp (n) of the exponential distribution, defined
[115] as
P DFexp (n) = λe−λn for n ≥ 0 .
(5.2)
The rate parameter is the only model parameter, and it describes the speed of
the assembly process. The rate parameter λ gives the mean number of magnet
sweeps needed for the assembly m = 1/λ [115]. Even though magnetic assembly is
a process with discrete steps, the continuous model allows a simplified description
of the distribution. The number of magnet sweeps n could be replaced with time
if the magnet movement speed is constant. The exponential-distribution model is
based on at least two assumptions. Firstly, the disassembly rate is negligible. This
means that the proportion of the assembled sites approaches 100 % [6]. Secondly,

38

CHAPTER 5. VERTICAL ASSEMBLY OF MICROCHIPS

the probability for an assembly for each empty receiving site stays constant during
the assembly process. In order to meet this condition, the number of microchips
has to be significantly larger than the number of receiving sites. Otherwise, the
probability of assembly for each empty site decreases when the number of available
microchips decreases as the assembly progresses [116]. If exponentially distributed
events happen in sequence and the exponential distributions do not necessarily have
the same rate parameters, the process can be described using a hypo-exponential
distribution [115]. Assembling an array of receiving sites can be considered such a
situation: assembling the sites in the array is a series of sequential, exponentiallydistributed events. It is important to note that the assembly order of the receiving
sites in an array is not defined beforehand. Rather, for example, the receiving site
into which the assembly randomly happens first is considered the first hole in the
assembly sequence. The hypo-exponential probability density function P DFhe (n)
is defined [115] as


h
h
Y
X
λ
j
 for n ≥ 0 ,
(5.3)
λi e−λi n 
P DFhe (n) =
λ
−
λ
j
i
i=1
j=1, j6=i

where λi is the rate parameter for assembling the ith site in an array with h holes.
Figure 5.4a shows the distribution of the assembly events in a single-hole array.
The mean number of magnet sweeps needed to fill this hole, derived from the rate
parameter of the fitted probability density function of the exponential distribution,
is presented in Figure 5.4b. This sub-figure also presents the means from the
exponential assembly processes in larger arrays for each step of filling the arrays.
It can be seen that assembling the first receiving site in each array is slower than
assembling the rest of the sites. This is attributed to the beneficial mixing of
the microchips when they move over an array with a protruding microchip. The
highest observed mean values for assembling the first hole and the rest of the holes
are marked in Figure 5.4b with a dashed line. The rate parameters obtained from
these mean values were used for making prognoses for assembling even larger arrays,
based on the hypo-exponential distribution. The probability density functions of
the hypo-exponential distributions constructed using the rate parameters in Figure
5.4b are presented in Figure 5.4c. The cumulative distribution functions of the
hypo-exponential probability density functions are presented in Figure 5.4d. This
figure shows that the probability of completely filling an array of one thousand
receiving sites asymptotically approaches 100 % only after 180 magnet sweeps. This
indicates that increasing the number of required assemblies does not prohibitively
slow down the assembly process. The assembly speed could be further increased if
circular receiving holes are used instead of the rectangular holes. This would make
the rotational orientation of a microchip around its vertical axis an insignificant
factor for assembly, which in turn would allow a higher probability for assembly
with each magnet sweep. To further increase the assembly speed on a substrate
level, multiple assembly magnets could be moved in parallel using a robotic arm.
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Figure 5.4: a) The number of magnet sweeps needed to fill a single hole. The collected
data points are marked with vertical blue lines at the bottom of the figure and are related
to the vertical axis at the right side of the figure. The histogram shows a rough probability
density distribution of the data and is meant for visual aid. The red curve represents the
probability density function from Equation (5.2) fitted directly to the collected data. b)
The mean number of magnet sweeps needed to fill a hole in an array. The data is scaled
with the number of unfilled holes left in an array. With each array size, the first hole is
slowest to fill while the rest of the holes have a rather stable mean number of sweeps to
fill a hole. The dashed line represents the highest mean numbers of sweeps observed in
these experiments. c) The hypo-exponential probability densities formed using Equation
(5.3) to fully fill arrays of different sizes. These curves are based on the data from the
previous sub-figure but without the scaling by the number of unfilled holes. The solid lines
represent the distributions from the measured arrays. The dashed lines are predictions
based on the highest mean number of sweeps observed in the experiments. d) Integration
over the probability densities produces the cumulative distribution functions to fully fill
an array as a function of the number of magnet sweeps. Figure source: Publication
V, DOI: 10.1038/s41378-019-0126-6, copyright © 2020 the authors, license CC BY 4.0
(https://creativecommons.org/licenses/by/4.0/).

Chapter 6

3D printing of silica glass down to
submicrometric scale
This chapter aims to fulfill the following objective of this thesis: Develop a process
for 3D printing silica-glass microstructures on a substrate using sub-picosecond laser
pulses.
Silica glass is amorphous solid with composition SiO2 . It can also be called vitreous silica, fused silica, and fused quartz [117]. Silica glass has excellent material
properties such as high tolerance to chemicals; stability at elevated temperatures;
low absorption in a broad wavelength range around visible wavelengths [117] and
on radio frequencies[93]; and good electrical insulation. These properties make silica glass an interesting material for many technical applications. In silicon-based
microtechnology, silica-glass layers are often used for electrical insulation and for
their etching properties, which differ from those of silicon. The different etching
properties make silica glass suitable for hard masks and for etch-stop layers. In
addition to using silica glass for electrical isolation and etch control, silica glass can
also be used as active material in microdevices, for example, a toroid-shaped microresonator consisting of silica glass on a silicon substrate has been demonstrated
[118]. As with the microresonator, typical silica glass structures on silicon consist
of only a single layer, and at best, limited 3D features consisting of a few layers
could be manufactured. This confinement on a plane strongly limits the device
design. Two-photon printing of polymers has been shown to allow optical devices
such as polarization converters and resonators coupled to waveguides to be directly
manufactured in 3D on a substrate [119]. However, polymers are not comparable
to silica glass as an optical material. Additionally to the optical properties, the
thermal and chemical stability of silica glass is significantly better in comparison to
polymers, which would allow the deposition of coatings on the printed structures
to further functionalize them without distorting the printed structures. Therefore,
the possibility to produce 3D silica-glass structures with submicrometric features
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would allow completely new designs for micro-optical devices.

6.1
6.1.1

Existing techniques for producing 3D silica-glass
structures
Bulk micromachining

Instead of relying on silica-glass layers on another substrate material, glass substrates can also be structured directly. Machining silica glass can be based on
mechanical approaches such as drilling, powder blasting, and ultrasonic excitation
[93]. Also thermal approaches, such as laser ablation and focused electrical discharge, can be used [93]. However, mechanical approaches suffer from chipping and
cracking, and the thermal approaches suffer from heat affected zone around the
removed volume and debris deposition [93]. These types of approaches can achieve
feature sizes from millimeters down to tens of micrometers. Even smaller features
without the problems mentioned above can be created using isotropic wet etching
or anisotropic reactive ion etching [120]. The etching techniques are based on lithographically created patterns on a substrate surface or in a shadow mask. Stacking
of structured surfaces allows the creation of full 3D structures but increasing feature
complexity might be problematic. 3D structure in glass can be used, for example,
for microfluidic applications [121]. More freedom in structuring bulk silica glass
is achieved using sub-picosecond laser pulses. They allow 3D modifications to be
freely formed inside silica glass, and the modified volumes can be selectively etched
after the laser exposure [36, 121]. Alternatively, water can be used to assist in material removal directly during laser exposure [121]. Sub-picosecond laser patterning
can create micrometric [122, 123] and submicrometric [124] features inside silica
glass. Even though very small features are achieved, none of the bulk machining
techniques is capable of the additive production of silica glass structures on an
existing substrate.

6.1.2

Additive techniques

Additive production of silica-glass structures is possible using a variety of 3D printing methods, which result in a range of feature sizes [125]. In fused deposition
modeling, melted glass is extruded through a nozzle [126]. However, this method
was not demonstrated for pure silica glass but instead for soda-lime glass, which
has a lower melting point. The soda-lime glass was also used for selective laser
melting of objects from a powder bed [127, 128]. This approach easily leaves voids
inside the parts resulting in poor optical transparency. Instead of starting from a
powder, a solid silica-glass fiber can be fed into the laser focus [128]. Wire feeding
has been demonstrated to produce transparent silica-glass objects with millimeterscale feature sizes [129, 130]. Similar results have also been reported for the laser
melting of extruded layers of silica-glass paste [131]. These methods are additive,
but the feature sizes produced are too large for microdevices.

6.2. FROM HYDROGEN SILSESQUIOXANE TO SILICA GLASS

43

Even smaller features are available, but they require high-temperature treatment
after 3D printing to change the printed material to silica glass. Direct ink writing
of silica-glass inks has been demonstrated to allow feature sizes in hundreds of micrometers, and it results in transparent glass after high-temperature heat treatment
[132, 133]. Stereolithography of nanocomposites, consisting of silica nanoparticles
and polymer binder [134, 135], and sol-gel precursors [136] allow feature sizes down
to tens of micrometers [125]. They form transparent fused-silica structures after
high-temperature heat treatment. Both nanocomposites and sol-gel precursors can
also be molded [137, 138]. 3D polymer structures, printed using sub-picosecond
laser pulses, can be used as molds that leave voids, with feature sizes of a few
micrometers, inside the final molded glass object [139]. Even submicrometric structures can be directly 3D printed using sub-picosecond pulses together with hybrid
organic-inorganic polymers that contain silicon and oxygen [49, 50, 51, 52, 53, 140].
However, the high-temperature baking, which is required to remove the organic
content, results in strong shrinkage of the printed structures, which in turn distorts the structures if they are attached to an underlying substrate from more than
one point [49, 53]. The strong shrinkage during the high-temperature treatment
applies also to the above-mentioned methods of direct ink writing and the usage
of nanocomposites or sol-gel precursors. Depending on the solid loading, linear
shrinkage has been reported to vary between 16 % and 56 % [125].
Based on the discussion above, there are several limitations in the existing techniques for producing 3D silica glass structures for microtechnology. As a consequence, there is a need for a technique that is (1) additively 3D printing on a
substrate, (2) achieves submicrometric features, (3) results to pure silica glass, and
(4) does not shrink so strongly that it distorts the printed shape.

6.2

From hydrogen silsesquioxane to silica glass

This chapter demonstrates the usage of hydrogen silsesquioxane (HSQ) as a starting
material for 3D printing silica glass. HSQ is a cage molecule with the structure
[HSiO3/2 ]8 , but as a resin, the cage structure is not perfect, and HSQ has both
cage and network features [141]. In the cage-like HSQ, each silicon atom is bonded
to three oxygen atoms and a single hydrogen atom. This can be compared to
a silica-glass network, where each silicon atom is bonded to four oxygen atoms.
HSQ solution can be spin-coated on a substrate and the resulting layer can be
used as an insulator layer with low dielectric constant [141]. In this case, HSQ is
baked at low temperatures, which do not fully complete the cross-linking to silica
glass, thus leaving the material in a porous state. Local cross-linking of HSQ is
possible using electromagnetic radiation below 193 nm [142]. HSQ has also been
used as a negative-tone resist in electron-beam lithography [143]. Electron-beam
lithography can even be used to create very limited 3D structures of a few layers out
of HSQ [144]. However, since the electrons are absorbed already starting from the
surface of the HSQ layer, electron-beam lithography does not allow locally curing
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Figure 6.1: a) The process flow of 3D printing silica glass. b-f) SEM images of 3D-printed
objects. The scale bars show the length of one micrometer. Figure source: Publication
VI.

a volume inside an HSQ layer. Instead, the present chapter demonstrates that
sub-picosecond laser pulses can be focused inside a transparent HSQ layer to cause
local cross-linking. As discussed in Section 2.2.2, the possibility to locally affect
a volume inside transparent material is based on the simultaneous absorption of
multiple photons, which individually are not absorbed by the target material.
The fabrication process for 3D printing is presented in Figure 6.1a. HSQ in
solvent solution is first drop casted on a silica-glass substrate. After drying, laser
exposure through the backside of the substrate selectively cross-links the HSQ.
Exposure is done through the backside to avoid the need to focus the laser through
the uneven and curved HSQ surface. The HSQ which has not been cross-linked
is removed in a development step using dilute KOH solution in water. This 3D
printing process allows the production of submicrometric features in a horizontal
plane (see Figure 6.1b-f). In the vertical direction, the production of submicrometric
features seems to be possible, but the structure quality achieved this far is not as
good as in the horizontal direction.
The material properties of the printed structures were investigated using Raman
spectroscopy (see Figure 6.2a). The spectrum for a structure directly after printing indicates the presence of water, carbon species, and hydroxyl groups (OH).
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Figure 6.2: a) The Raman spectra of 3D-printed structures after baking at different
temperatures. For comparison, a spectrum from a silica-glass substrate is also shown.
After baking at 900 ºC, the 3D-printed structure has a similar Raman spectrum with
the silica-glass substrate. b) The relative length change of test structures after baking at
different temperatures. Baking at 1200 ºC causes smoothing and rounding of the printed
shape, thus making this length-change measurement somewhat incomparable to the rest
of the measurements. Figure source: Publication VI.

46

CHAPTER 6. 3D PRINTING OF SILICA GLASS DOWN TO
SUBMICROMETRIC SCALE

Carbon species can originate from unevaporated organic solvents in the HSQ solution. Hydroxyl groups are typical in silica glass with high water content. Hightemperature treatments below 900 ºC create photoluminescence, which distorts the
Raman spectra. Baking at 900 ºC removes the photoluminescence and the Raman
peaks originating from water, carbon, and hydroxyl groups. Therefore, according
to the Raman analysis, the 3D-printed structures are transformed into pure silica
glass.
The significant shrinking of the printed structures during high-temperature
treatments is the key problem with many of the existing glass printing technologies.
The shrinking of the HSQ-based 3D-printed structures was investigated at different
temperatures (see Figure 6.2b). The relative shrinkage after baking at 900 ºC was
(6.1 ± 0.8) %. This is significantly less than the 16 % - 56 % range for the other
technologies [125]. The low shrinkage indicates that the 3D-printed structures can
be heat treated to pure silica glass without significantly distorting the structure
shape during this treatment.

Chapter 7

Laser induced surface
modifications
This chapter aims to fulfill the following objective of this thesis: Create ripple patterns on a metal surface using sub-picosecond laser pulses and investigate the effects
of chemical changes to the reflection characteristics of the surface.
Primary damage by laser pulses can be used to selectively remove material
from a substrate but also the secondary structuring left on the laser affected zone
can be useful for affecting the surface properties of the substrate, which is shortly
discussed in Section 2.2.1. The secondary structuring can take different forms.
These include nanoparticle deposition, periodic ripple patterns, and the formation
of spikes on the surface. The nanoparticles can originate from ablation products
that land back on the surface [34]. The ripple patterns are also called laser-induced
periodic surface structures (LIPSS). They can be divided into two main categories:
low and high spatial frequency LIPSS [41]. The low spatial frequency LIPSS have
a spatial wavelength close to the laser wavelength while the high spatial frequency
LIPSS have a wavelength shorter than half the laser wavelength [41]. In the present
chapter, the low spatial frequency LIPSS have been created. The formation of the
low spatial frequency LIPSS has been attributed to the interaction of the incident
laser light with the electromagnetic wave scattered at the rough surface and surface
plasmon polaritons [34, 41], but there exists a wide body of literature aiming to explain the formation mechanisms of the different kinds of secondary laser structures
[40, 41]. When using sub-picosecond laser pulses, the development of the LIPSS
on a metal surface is often described through the formation of nanoscale surface
roughness during the first laser pulses followed by the formation of the LIPSS after
continued exposure [34]. If laser exposure is continued after LIPSS formation, the
LIPSS can change and form spikes on the surface [145, 146]. Even an array of
holes can be formed by controlling the time delay between the laser pulses [147].
The secondary structuring is affected by multiple parameters, which include target
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material, laser wavelength, laser fluence, the polarization of the laser light, number of laser pulses, and media surrounding the affected surface [40]. Out of these
parameters, the polarization of the laser light is one of the most straightforward
methods for manipulating the LIPSS. Complex patterns can be created by altering
the polarization of a single pulse [148] and even by sequential exposure to pulses
with different polarizations [149].
The wide variety of the laser-induced secondary structures and the possibility
to control the structuring makes the laser structuring an interesting manufacturing
tool for applications that depend on controlling surface properties. These types
of application areas include controlling surface wetting properties, cell attachment
[150], and the optical properties of the surfaces. Using laser-induced secondary
structuring, the surface wetting properties have been modified to both superhydrophilic and superhydrophobic [34, 151, 152]. In addition to the secondary structures, chemical changes on the surface play a role in forming the wetting properties
[151]. The wetting properties are important for microfluidic systems, which often
rely on modified surface wetting properties for controlling fluid movements. Superhydrophobicity is also desirable for many macroscale applications where it allows
the efficient cleaning of a surface by water that rolls off the surface [152]. In addition
to the wetting properties, the optical properties of surfaces can be affected in many
ways using laser structuring. For example, the optical absorption of both metals
and silicon can be increased, thus creating the so-called black metals [153, 154]
and black silicon [155, 156]. This increased absorption is based on simultaneous
structuring on multiple size levels, both above and below visible wavelengths, and
it can also contain a contribution from chemical changes on the surface if laser
structuring is done in chemically active gas [34]. Increased absorption has found
an application in silicon photodetectors [157], and a black metal surface has been
shown to increase emission from a radiation source [158]. Laser structuring can
also be used for the creation of colored surfaces through several mechanisms [159].
The coloration can be based on plasmonic colors originating from nanostructures,
which has been demonstrated for the decorative coloration of a metal surface [160].
Viewing-angle- and polarization-dependent colors can be created both on metals
[154, 161, 162] and silicon [163, 164]. This type of coloration is based on the formation of LIPSS, which form a diffraction grating pattern on the surface. The colors
originating from LIPSS create a visually appealing surface and can, in addition
to decoration, find applications in security markings [162]. Laser coloration can
also be based on an oxide film on a metal surface, and this type of coloration can
be formed using nanosecond laser pulses, which can significantly heat the metal
surface [165, 166]. The produced color can result from both thin-film interference
and the intrinsic colors of the oxides, but for steel, the intrinsic colors were found
to be dominating [166]. Even LIPSS patterns created using sub-picosecond laser
pulses can induce oxidation on the target surface [149]. Therefore, it is possible
that the viewing-angle- and polarization-dependent colors of the LIPSS formed using sub-picosecond laser pulses are affected by the intrinsic colors originating from
chemical changes on the surface. The contributions of the structural colors and
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intrinsic colors on steel colorization using sub-picosecond laser pulses are discussed
below.

7.1

Structural and intrinsic color formation

Figure 7.1: LIPSS created on sample surfaces. a) An SEM image of Sample A. b) An
SEM image of Sample B. c) An illustration of the shape of the LIPSS and the nanoparticles
on the LIPSS. d) A histogram showing the height of the LIPSS on the samples. Figure
source: Publication III, DOI: 10.1016/j.apsusc.2019.04.147, copyright © 2019 Elsevier B.V.

Two stainless steel samples were treated using sub-picosecond laser pulses. The
linearly polarized laser light created LIPSS on the steel surfaces (see Figure 7.1).
By spatially overlapping the laser pulses slightly, a semi-continuous LIPSS was
created over the steel surface. The focus of the laser was moved over the surface in
parallel lines. Aligning the movement direction with the LIPSS orientation helped
in creating a more continuous pattern, which has also been reported in the literature
[41]. The lateral distance between the laser pulses on the steel surface was varied
between the two samples. This change in the energy density created a difference
in surface appearance. The sample with lower energy density was named Sample
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Figure 7.2: Colors displayed by the laser-treated steel samples. a-d) Images show the
surfaces of Samples A and B at different observation angles. Natural illumination is used.
e) An illustration of the observation angles used. f) Sample A with LIPSS parallel to
illumination polarization. g) Sample A with LIPSS perpendicular to illumination polarization. h) Sample B with LIPSS parallel to illumination polarization. i) Sample B
with LIPSS perpendicular to illumination polarization. j) An illustration of using polarized illumination to image the sample surfaces. Figure source: Publication III, DOI:
10.1016/j.apsusc.2019.04.147, copyright © 2019 Elsevier B.V.

A and the sample with a higher energy density was named Sample B. The spatial
wavelength of the ripples was shortened (see Figure 7.1a-b) and the height of the
ripples was increased (see Figure 7.1d) when the energy density was increased.
These trends are to be expected according to literature [41]. The wavelength of
the LIPSS was somewhat shorter than a laser light wavelength of 520 nm, which
is typical for LIPSS created using sub-picosecond laser pulses [34]. In addition,
the LIPSS were covered with nanoparticles, which also typical for LIPSS produced
using sub-picosecond laser pulses [34].
The colors of the two metal samples were different from each other and also
varied based on a viewing angle when the angle was varied on a plane perpendicular
to the ripple orientation (see Figure 7.2a-e). A linearly polarized illumination source
showed the dependence of the sample color on the angle between the polarization
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direction of the illuminating source and the ripple orientation (see Figure 7.2f-j).
When the illumination polarization is parallel to the ripple orientation of a sample,
the effects of the LIPSS on the sample color are minimized. In this condition, the
two samples showed different colors (see Figure 7.2f and h). Because the colors
are strongly dependent on the viewing angle and illumination polarization, LIPSS
cause a major part of the color on these samples. However, the difference of the
sample colors when the effects of LIPSS are minimized indicates that the samples
are also colored by other effects.
The chemical compositions of the two sample surfaces were characterized using
X-ray photoelectron spectroscopy (XPS). XPS is a surface-sensitive method that
not only allows determining the elemental composition of a sample but also gives
information about the chemical state on the sample surface. The amounts of iron,
chromium, nickel, and manganese oxides were determined together with the content
+2
+2
+3
+3
and composition of a spinel with the form (Fe+2
x1 Nix2 Mnx3 )(Fex4 Crx5 )O4 . The
determined contents and the related RGB colors of the samples are listed in Table
7.1. The different intrinsic colors determined from the chemical compositions of
the samples indicate that these chemical changes play a role in sample coloration
together with LIPSS. In order to further investigate this connection, the reflectance
spectra of the sample surfaces were measured and also simulated based on the LIPSS
shapes on the surfaces. The differences between the measured and simulated spectra
are similar to the reflectance contributions expected from the intrinsic coloration,
which further supports the role of the intrinsic colors alongside the LIPSS in forming
the final colors of the sub-picosecond-laser treated steel surfaces.
Table 7.1: The relative oxide and spinel contents of the samples. The RGB (red,
green, blue) colors of the oxides, the two different spinel compositions, and the final
sample compositions are also marked on the table. Table source: Publication III, DOI:
10.1016/j.apsusc.2019.04.147, copyright © 2019 Elsevier B.V.

Chapter 8

Summary
This thesis has six objectives, which were presented in Section 1.1. The objectives
are listed below with the short descriptions of how the objectives were fulfilled
and further development steps that would take the solutions to a higher technology readiness level. Section 8.1 discusses the potential impact of the results and
speculates on how they can contribute to technological development in the future.
Develop a process for using sub-picosecond laser pulses to drill highquality holes through a silicon substrate (in Chapter 3).
The high quality of the holes refers to the regular shape of the holes and the lack
of debris deposited on the hole sidewalls. The key to achieving this was placing the
backside of the silicon substrate in contact with water during laser drilling. The water present in the ablation region enhances material removal, which in turn expands
the holes laterally and finally leads to improved quality. Placing water below the
substrate instead of on top of the substrate avoids the need for focusing the laser
beam through the possibly unstable water layer. To achieve larger aspect ratios
and faster drilling speeds, using higher single-pulse energies would be an interesting
development step in the future. In addition to drilling vertical holes, laser drilling
was also demonstrated for drilling inclined holes. According to simulations, the inclined holes could allow better radio-frequency performance for through-silicon vias.
The radio-frequency performance of an inclined through-silicon via would need to
be verified by building a waveguide structure with electrical conductors in place.
This would also include solving the problem of placing conductive material into the
inclined via holes. Magnetic assembly could be a possible candidate technology for
this purpose.
Develop a process for using the magnetic assembly to build throughglass vias (in Chapter 4).
Magnetic assembly was used to place nickel rods into the holes in a glass substrate.
The shape of the holes in glass is not as well controlled as in silicon, which can
cause the nickel rods to spontaneously disassemble from the holes. This problem
was solved by keeping the assembly magnets underneath the assembled areas until
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the nickel rods were permanently fixated to the holes. Thinning the glass substrate
from the backside using chemical etching caused problems when the enchant penetrated between the fixing agent and the sidewall of the via hole. Improving the
substrate thinning process to avoid this problem would allow more even quality of
the through-glass vias. The resistances of the vias were comparable to other existing through-glass-via solutions. Placing solder paste directly on top of the vias was
demonstrated. This saves space in comparison to through-glass-via solutions with a
hollow center, which require solder placement next to the via. The results presented
in this thesis extend the application area of magnetic assembly from manufacturing
through-silicon vias to manufacturing through-glass vias. This allows combining
the excellent qualities of glass substrates to the magnetically assembled void-free
metal vias.
Develop through-substrate vias suitable for high-temperature applications using the magnetic assembly of metal conductors with low thermal expansion (in Chapter 4).
Two ferromagnetic metal alloys, Invar and Kovar, were identified to provide low
thermal-expansion mismatch with silicon and glass substrates. Invar rods were
magnetically assembled to through-silicon holes to test the suitability of Invar for
producing through-silicon vias for high-temperature applications. The throughsilicon vias were tested by exposing them to thermal cycling 100 times between
-50 ºC and 190 ºC and by exposing them to elevated temperatures up to 365 ºC.
Changes in resistance were used as an indicator of the defects created as a result
of thermal stresses. Most of the through-silicon vias tolerated the thermal stresses
without significant resistance changes. Some vias with a high initial resistance
showed an increase in resistance as a result of thermal cycling. The reason for the
high initial resistance in some of the vias would need to be investigated and eliminated by further developing the manufacturing process. The high-temperature
through-substrate-via solution presented in this thesis could allow microsystem
packaging that tolerates demanding environments while simultaneously occupying
only a small volume.
Develop a magnetic assembly process for handling and assembling
microchips in a vertical orientation (in Chapter 5).
The initial step for enabling the magnetic assembly of the microchips was to deposit a ferromagnetic metal layer on the backside of the microchips. Striping the
metal layer allowed the desired vertical orientation of the microchips during assembly. Striping was supplemented by designing the shapes of the microchips and the
receiving holes so that the microchips could not be assembled upside down into the
holes. A model was developed to predict the speed of the simultaneous assembly
of a large number of microchips. The modeling results indicate that magnetic assembly would be suitable for assembling even a large number of microchips without
prohibitive time delays. It would be beneficial to confirm this modeling result by
testing the assembly on the full scale with complete wafers and using a robotic assembly setup. In applications where the rotational orientation of the microchips is
irrelevant, using round receiving holes would increase the assembly speed. The re-
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sults presented in this thesis allow new technical solutions where microchips can be
manufactured on a wafer scale and then assembled vertically to achieve out-of-plane
orientation.
Develop a process for 3D printing silica-glass microstructures on a
substrate using sub-picosecond laser pulses (in Chapter 6).
3D printing was realized by locally cross-linking hydrogen silsesquioxane to silica
glass at the laser focus. The sub-picosecond pulse length of the laser allowed focusing inside the transparent hydrogen silsesquioxane without causing cross-linking
outside the focal region. The minimal feature sizes achieved were below one micrometer, which is less than for other silica-glass 3D-printing techniques. In contrast
to the other techniques, baking the printed structures to improve their quality did
not cause significant shrinkage, which would distort the structures attached to an
underlying substrate. At present, the printing method is demonstrated only for
transparent substrates. Adapting this method to also work with opaque substrates
would allow combining 3D-printed silica-glass structures with silicon microsystems.
The 3D-printing process developed allows a complete 3D freedom for manufacturing submicrometric structures out of silica glass, which is one of the most common
materials used in microtechnology. This will contribute to new technical solutions
that can benefit from the 3D structures previously unavailable.
Create ripple patterns on a metal surface using sub-picosecond laser
pulses and investigate the effects of chemical changes to the reflection
characteristics of the surface (in Chapter 7).
Periodic microstructures were formed on a steel surface by exposing the surface
to overlapping laser pulses. The periodic structures make the surface appear to
change in color depending on the viewing angle and the polarization of the illuminating light. Chemical compounds formed on the surface were observed using X-ray
photoelectron spectroscopy. Changing the process parameters were found to affect
both the ripple structure and the chemical changes. The colors produced by the
chemical changes were found to contribute to the apparent colors of the surfaces.
To widen the applicability of these findings, it would be useful to investigate the
role of chemical changes in laser coloring of also other metals and semiconductors.
Understanding the contributions of the chemical changes on laser-based coloration
helps to apply this technique to security markings and surface decorations.

8.1

Outlook

The through-substrate-via technology presented in this thesis can be used to produce smaller packages for microsystems. The smaller package size will contribute
to the integration of microsystems such as sensors and actuators to many of the
objects around us in the Internet of Things. The through-substrate vias that tolerate high and varying temperatures contribute to the possibility of placing these
sensors and actuators where they would not have survived before. Examples of
high-temperature environments can be found, for example, in the car and space
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industry. Glass package substrates and inclined through-substrate vias produced
using laser drilling contribute to the improved radio-frequency performance needed
in the interconnected world of the Internet of Things. Laser drilling of holes through
silicon allows hole creation without investments in cleanrooms, deep-reactive-ionetching equipment, or photolithography masks and equipment. This could allow
cheap hole fabrication, for example in solar panels or MEMS cap substrates, and
the drilling method could be extended to other opaque materials made of semiconductors, metals, and ceramics.
Vertical magnetic assembly was extended from the assembly of metal rods for
through-substrate vias to the assembly of microchips. The vertical assembly of
microchips is a general method where microchip functionality is not limited by the
assembly technology. Indeed, microchips fabricated using the standard micromanufacturing technologies can now be mounted vertically and electrically connected.
This new orientational freedom allows a rethinking of many sensor designs, which
are no longer limited on a plane. The vertical assembly also allows sensors to be
placed inside protective or functional containers such as microneedles inserted into
tissue.
3D silica-glass structures with submicrometric features were for the first time
printed on a substrate. The new 3D freedom from the 3D-printing process will
allow completely new solutions for designing microdevices utilizing silica glass. The
submicrometric feature size is especially important for optical applications because
it places the printed features on the same size scale with visible wavelengths and
below the near-infrared wavelengths used in optical communication networks. This
new fabrication technology could be used to build micro-optics on microchips or
at the tip of an optical fiber. Combining the 3D structures with micro-electromechanical systems could lead to micro-opto-electro-mechanical systems with full
3D features.
Laser-induced ripple patterns were found to get a part of their color from the
chemical changes on the surface. Understanding the color formation as a combination of the chemical changes and diffraction from the ripples will help in designing
colors created by laser patterning. Changing the target material or the processing atmosphere will probably affect the chemical changes. Therefore, they could
be used as additional parameters for controlling the final appearance of the surface. The chemical changes can also affect the wetting properties of surfaces and
thus play a role when tailoring the wetting properties using laser structuring of the
surfaces.
Taken together, the results presented in this thesis demonstrate the potential
of sub-picosecond laser pulses and magnetic assembly for producing new technical
solutions for microfabrication and integration. These solutions will, in turn, contribute to smaller, more effective microsystems, which can be used to solve new
challenges in different technological fields.
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