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Abstract

The development of micro and nano-electromechanical systems (MEMS
and NEMS) with entirely new or improved functionalities is typically based
on novel or improved designs, materials and fabrication methods. However,
today’s micro- and nano-fabrication is restrained by manufacturing paradigms
that have been established by the integrated circuit (IC) industry over the
past few decades. The exclusive use of IC manufacturing technologies leads
to limited material choices, limited design flexibility and consequently to
sub-optimal MEMS and NEMS devices. The work presented in this thesis
breaks new ground with a multitude of novel approaches for the integration
of non-standard materials that enable the fabrication of 3D micro and nano-
electromechanical systems. The objective of this thesis is to highlight methods
that make use of non-standard materials with superior characteristics or
methods that use standard materials and fabrication techniques in a novel
context. The overall goal is to propose suitable and cost-efficient fabrication
and integration methods, which can easily be made available to the industry.

The first part of the thesis deals with the integration of bulk wire mate-
rials. A novel approach for the integration of at least partly ferromagnetic
bulk wire materials has been implemented for the fabrication of high aspect
ratio through silicon vias. Standard wire bonding technology, a very mature
back-end technology, has been adapted for yet another through silicon via
fabrication method and applications including liquid and vacuum packaging
as well as microactuators based on shape memory alloy wires. As this thesis
reveals, wire bonding, as a versatile and highly efficient technology, can be
utilized for applications far beyond traditional interconnections in electronics
packaging.

The second part presents two approaches for the 3D heterogeneous
integration based on layer transfer. Highly efficient monocrystalline sili-
con/germanium is integrated on wafer-level for the fabrication of uncooled
thermal image sensors and monolayer-graphene is integrated on chip-level for
the use in diaphragm-based pressure sensors.

The last part introduces a novel additive fabrication method for layer-by-
layer printing of 3D silicon micro- and nano-structures. This method combines
existing technologies, including focused ion beam implantation and chemical
vapor deposition of silicon, in order to establish a high-resolution fabrication
process that is related to popular 3D printing techniques.

Keywords: Microelectromechanical systems, MEMS, Nanoelectromechan-
ical systems, NEMS, silicon, wafer-level, chip-level, through silicon via,
TSV, packaging, 3D packaging, vacuum packaging, liquid encapsulation,
integration, heterogeneous integration, wafer bonding, microactuators, shape
memory alloy, SMA, wire bonding, magnetic assembly, self-assembly, 3D, 3D
printing, focused ion beam, FIB.
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Objectives and Overview

This thesis breaks new ground with a multitude of novel approaches for the
integration of non-standard materials that enable the fabrication of 3D micro and
nano-electromechanical systems. The objective of this thesis is to highlight methods
that make either use of non-standard materials with superior characteristics or use
standard materials and fabrication techniques in a novel context. The overall goal
is to propose suitable and cost-efficient fabrication and integration methods that
can be easily made available to the industry.

Structure of the thesis

Chapter 1 gives a brief introduction to the recent trends in semiconductor
manufacturing and packaging methods that are the foundation of this thesis. In
the first part of Chapter 2, a detailed introduction to bulk wire materials and
wire bonding technology is given. The second part then deals with the integration
of bulk wire materials for a variety of applications including through silicon via
fabrication, liquid and vacuum packaging and microactuators. The integration of
bulk wire materials is based on a novel assembly process and existing wire bonding
technology, which has been adapted here. Chapter 3 presents two approaches
for the 3D heterogeneous integration based on layer transfer of monocrystalline
silicon/germanium for thermal image sensors and monolayers of graphene for
pressure sensors. Chapter 4 introduces a novel additive fabrication method for
layer-by-layer printing of 3D silicon micro- and nanostructures. The concluding
chapter summarizes the achievements of the work presented in this thesis.

xv





Chapter 1

Introduction to 3D Integration and
3D Fabrication

Micro and nano-electromechanical system (MEMS and NEMS) technology has
gained an increasing impact not only on industry but also on our society. The rapid
growth of this technology within the past few years was driven by a broad spectrum
of application fields ranging from consumer, mobile and automotive applications to
medicine, pharmaceutics and bioengineering. A multitude of products with entirely
novel or improved functionalities that are enabled by MEMS and NEMS devices,
including digital light processors, accelerometers and gyroscopes, pressure sensors,
microphones, magnetometers, inkjet printheads, oscillators, filters and many more,
have thereby emerged.

Most micro- and nano-fabrication methods have been developed by the in-
tegrated circuit (IC) industry, which for the past five decades has followed
Moore’s law. This law, named after Intel co-founder Gordon E. Moore, is
based on an observation made during the years 1959 and 1965. During this
time, Moore discovered that the number of transistors of integrated circuits had
doubled approximately every two years. In 1965, he predicted that the number
of components that could be incorporated per integrated circuit would increase
exponentially over time and that this trend will continue at least for ten more
years [1]. In fact, his ingenious prediction proved valid even until today. The
continuous improvement of electronics in terms of performance has a major impact
on global productivity and is directly coupled to the continuous scaling process that
is paced by Moore’s law.

As a result of this continuous scaling process, todays IC industry is striving
to establish technology nodes with ever decreasing feature sizes. As illustrated in
Figure 1.1, the physical gate length of a single MPU transistor, i.e. the technology
nodes, has steadily decreased from 10 µm in 1971 to the present deep sub-micron
regime of 22 nm [2]. However, scaling is about to reach the fundamental limits
of physics with silicon as the base material, and the economic limits of cost for
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Figure 1.1: Ongoing trends in semiconductor fabrication and integration. On the one hand,
industry is further scaling down feature sizes and is thereby about to approach ultimate physical
limits in the deep sub-micron regime (”More Moore”). On the other hand, a functional
diversification of semiconductor-based devices takes place (’More than Moore”).

establishing next generation manufacturing infrastructure. This continued scaling
approach is known as ”More Moore” (MM).

A second parallel trend that is currently strongly emerging is characterized by a
functional diversification of semiconductor-based devices. As shown in Figure 1.1,
these functionalities are mostly non-digital and are based on different fabrication
technologies compared to that of traditional IC manufacturing. The novelty is
that these functionalities migrate from the system on board (SoB) level into the
package (SiP) or onto the chip (SoC). This migration is mainly enabled by novel
heterogenous integration and packaging techniques and is driven by the need
for increased performance in terms of signal speed, bandwidth, reduced power
consumption, smaller form factors, and ultimately, lower cost of the overall system.
This trend has been entitled ”More than Moore” (MtM) as it does not contribute
to the scaling of pure digital systems that is described by Moore’s law.

The developments of ”More than Moore” and ”More Moore” are not competing
ideologies, rather they can be considered as complimentary technology trends.
”More Moore” drives the development of digital functions in terms of performance
while ”More than Moore” stands for a diversification of non-digital functions [3].

With respect to the bulk silicon wafer thickness, the implementation of digital
functions, i.e. traditional CMOS manufacturing, can essentially be considered
as a 2D process technology due to the fact that only a fraction of the bulk



3

silicon thickness is used, as seen in Figure 1.2 a. In contrast, non-digital
functions, e.g. MEMS, MOEMS, RF, etc., typically consist of considerably larger
3D structures. These structures are implemented by substractive fabrication
methods (bulk micromachining) and additive methods (surface micromachining and
microforming), as indicated in Figure 1.2 b. With substractive methods (e.g. wet
and dry etching) structures are formed by removing material from the silicon bulk
material. With additive methods, on the other hand, material is built up on the
surface of the substrate. Additive methods include deposition techniques such as
evaporation, sputtering, plating and chemical vapor deposition [4].

a) Digital Functions b) Non-digital Functions

µ
m

 -
 m

m

Substrate

Bulk 
Micromachining

Surface 
Micromachining

Microforming

n
m

 -
 µ

m

Substrate

Figure 1.2: a) The active components of IC’s (i.e. digital functions) only take a fraction of
the actual bulk silicon material. b) Considerably larger 3D structures for the realization of non-
digital functions are manufactured by substractive (bulk micromachining) and additive (surface
micromachining and microforming) fabrication methods.

The key enablers for the realization of diverse systems that include both digital
and non-digital functions are heterogeneous integration techniques (introduced in
section 3.1) and electronics packaging. In electronics packaging, a great variety
of integration approaches for the realization of versatile systems co-exist today.
Figure 1.3 illustrates a general classification of the most common system integration
approaches for two or more dies. The functional diversification is represented by two
dies, Die 1 andDie 2, that are fabricated separately with different base technologies,
e.g. CMOS and MEMS process technology. Individual base technologies are
typically characterized by short development times, low fabrication costs, high
yields and are well-established. Separate manufacturing of dies with optimized
fabrication technologies and the integration to a SiP in a final packaging step offers
the highest versatility and typically lowest costs of the system.

During the past decades, the hybrid integration of two or more different dies to a
system has been dominated by 2D-approaches, such as the system-on-board (SoB)
integration where each die is packaged individually and then merged on the printed
circuit board (PCB) (Figure 1.3 a). This led consequently to the development of 2D
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system-in-packages (2D-SiP) where, as shown in Figure 1.3 b, the dies are placed
side-by-side in a common package and then interconnected on package level by flip
chip and/or wire bonding. This approach reduces the signal path length between
the dies significantly and occupies less area on the PCB real estate.

2D SoB
2D System on Board

Printed Circuit Board

2D SiP
2D System in Package

Printed Circuit Board

Die 1 Die 2

2.5D SiP
2.5D System in Package

Printed Circuit Board

Die 1 Die 2

SiP Substrate

Interposer

3D SiP
3D System in Package

stacked dies, flip chip & wire bonds stacked dies with TSVs, flip chip

Printed Circuit Board

Die 1
Die 2

SiP Substrate

Die 2

Die 1

Printed Circuit Board

SiP Substrate

a) b)

c) d)

Solder 

Bump

Micro

Bump

Flip Chip

Bump
Die 1 Die 2

Leadframe Leadframe

Wire

Bond

SiP Substrate

TSV

Figure 1.3: Overview of the most common packaging approaches for the integration of two
or more dies. The illustrations are not to scale, 2.5D and 3D SiPs are considerably smaller as
compared to 2D SoBs and SiPs.

More recently, 2.5D and 3D-SiP solutions, which are based on vertical (3D) chip
stacking, have become a general trend in many integration approaches. Not only do
3D-SiPs decrease costs by further reducing the volume and weight of the package,
they also improve system performance through enhanced bandwidth and signal
transmission speed as well as lower power consumption, which is of importance
for various demanding applications [5, 6]. These benefits are primarily due to
shorter signal path lengths and lower capacitive, resistive and inductive parasitic
components in the interconnections [7].

The main difference between the traditional 2D-SiP and a 2.5D-SiP is that an
interposer (e.g. silicon or glass) is placed between the SiP substrate and the dies.
As indicated in Figure 1.3 c, the interposer has vertical interconnects connecting the
metallization layers on its front- and back-side. The interposer serves the purpose
of a signal redistribution substrate that enables the integration of very thin dies and
the implementation of significantly smaller interconnects (microbumps) compared
to 2D-SiPs and SoBs. 3D-SiPs, as indicated in Figure 1.3 d are based on stacked dies
and enables the most compact packages and shortest possible signal path lengths.
”True” 3D-SiPs require vertical interconnects through selected dies in the stack in
order to connect their functional layers. These vertical interconnects are typically
referred to as through silicon vias (TSVs). Both, TSV and wire bonding technology
are introduced in the following chapter.



Chapter 2

3D Heterogenous Integration of
Bulk Wire Materials

This chapter introduces novel methods for the integration of bulk wire materials at
chip- and wafer-level for a variety of applications.

The first section of this chapter, gives an introduction to bulk wire materials
and the most commonly used interconnection technique in electronics packaging,
wire bonding technology. Also, in the context of 3D packaging, a brief overview
about state-of-the-art fabrication technology of through silicon vias (TSVs) is given.
The main part is dedicated to novel microwire integration methods that have
been developed within this work. First, a novel method for the integration of
ferromagnetic bulk wire materials based on magnetic assembly is presented. Finally,
approaches based on existing wire bonding technique that have been adapted for
use in through silicon via (TSV) fabrication, liquid and vacuum sealing applications
and microactuators, are presented.

2.1 Introduction

A ”wire” is defined as a metal drawn out into the form of a thin flexible thread
or rod. The fabrication of a wire, the wire drawing process, is an ancient method
that originated in the first century AD. Wire drawing follows a straightforward
concept that did not change significantly over the centuries. In order to form a
wire with a desired diameter, a pre-formed metal rod is pulled through a forming
tool, a drawing die, which consists of a metal plate with a tapered hole. By pulling
the wire through the tapered hole its diameter decreases and its length increases
while maintaining a constant volume. In order to reach the desired wire diameter,
the wire is typically drawn through several successively smaller holes. Today, a
multitude of different metal and metal alloy wire types are manufactured in high
volumes with diameters ranging from several micrometers to several millimeters for
a wide range of applications.

5
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Figure 2.1: Packaging levels in electronics, from [8]

As shown in Figure 2.1, wires traditionally possess a firm place in electronics
packaging as chip-to-package interconnection at level 1 and 1.5 (i.e. wire bonds,
discussed in section 2.1.1) as well as macroscopic wiring at level 2 and 3 [8].
However, recent developments by a number of research groups are inducing a
paradigm shift. Wires are being utilized more and more at chip-level (level 0)
as an actual functional material rather as a simple interconnection (see Paper 12).
The reason for this trend is a combination of superior characteristics of wire bulk
materials in comparison to thick films and an existing infrastructure, i.e. wire
bonding equipment (discussed in section 2.1.1), that allows a precise 3D integration
of microwires at high speed and low cost.

As illustrated in Figure 2.2, there exists a broad spectrum of physical and
chemical methods for the deposition of metallic layers as thin as an atomic
monolayer or up to thicknesses of several tens of micrometers. However, a good 3D
processabilty is typically not given for most thick film deposition technologies. The
manufacturabilty of solid 3D structures with high aspect ratios plays a crucial role
in MEMS and 3D packaging applications. Therefore, enormous development efforts
are currently ongoing in order to adapt plating and CVD technologies to the needs
of the industry. As indicated in Figure 2.2, the integration of bulk wire materials
has the potential to serve as an alternative to conventional thick film technology,
especially regarding plating processes. As wire diameters decrease and more bulk
wire materials are available, novel methods for the integration of wires have to be
developed in order to make use of this promising material class. This chapter deals
with such novel methods for the integration of bulk wire materials by the adaption
of established technologies as well as by entirely novel approaches.
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Figure 2.2: Overview of standard metal deposition techniques used in electronics and MEMS
manufacturing. Typical material thicknesses with respect to the 3D manufacturability of the
process are compared in this diagram.

2.1.1 Introduction to wire bonding technology1

The main application of wire bonding technology is to create electrical intercon-
nections between integrated circuit (IC) chips and their packages (see Figure 1.3).
The interconnections are formed by a thin metal wire, which is mechanically and
electrically connected to the chip and to the package by using a wire bonding tool.
The requirements of the integrated circuit industry have pushed the development
of the wire bonding processes towards higher speeds (number of bonds per second),
improved reliability, increased density (in terms of bond pitch) and hence finer wires,
and nonplanar topographies (e.g. multilayer stacks of thinned chips). Because
wire bonding forms part of the back-end of semiconductor chip production, it is
required to achieve exceptionally high reliability and yield in order to obtain the
lowest possible packaging costs. Although alternative processes exist, such as flip-
chip assembly and tape automated bonding [8], wire bonding continues to be a
crucial process in semiconductor packaging. This is partly due to the advantages of
compliant wires under thermal and bending stress conditions, which results in high
reliabilities of the packaged interconnects. It is estimated that more than 4 · 1012

wire bonds are produced annually [9].

1Excerpt from paper 12.
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Wire Bonding Mechanisms

In wire bonding, the attachment of a bond wire to a bond pad is realized by a
welding process. The energy input for the welding process is a combination of
force, temperature and/or ultrasonics. For standard wire bonding, three welding
methods exist which are based and named after the type of energy input:

• Thermocompression (TC) bonding, first introduced in 1957 [10], uses me-
chanical force and a relatively high temperature on the order of 300 ◦C. TC
is typically used for gold wire to gold pad wedge-wedge bonding. It is very
sensitive to surface contaminants, requires high temperature and long process
times and therefore has no significant commercial relevance today.

• Ultrasonic (US) bonding, introduced around 1960, is a room-temperature
process and uses mechanical force and ultrasonic energy. US wedge-wedge
bonding of aluminum wire to aluminum or gold pads enables the use of
wires with large diameters (typically 75 − 500 µm) primarily for high-power
electronic applications.

• Thermosonic (TS) bonding, introduced in 1970, is a combination of ther-
mocompression and ultrasonic bonding and is typically used for ball-stitch
bonding of gold wire to various pad materials. The combination of heat,
ultrasound and force allows a moderate level of each type of input energy.
Thermosonic bonding of thin wire (typically 18 − 50 µm) is today by far
the most commonly used interconnection method in integrated circuit chip
packaging.

Wire Bonding Process Technology

The two main wire bonding process technologies are ultrasonic wedge-wedge
(Figure 2.3 and 2.4) and thermosonic ball-stitch bonding (Figure 2.5 and 2.6).
The shape of the wire bonded interconnection is determined by the bonding tool
used, which is typically either a wedge (Figure 2.4 a) for wedge-wedge bonding
or a capillary (Figure 2.6 a) for ball-stitch bonding. The wedge generates two
identical wedge bonds (Figure 2.4 b) whereas the capillary generates first a ball
bond (Figure 2.6 c) and subsequently a stitch bond (sometimes called a crescent
bond), as shown in Figure 2.6 d. A ball and stitch bond generated by the capillary
of a ball-stitch bonder has considerably larger dimensions with respect to the wire
diameter compared to the wedge generated by a wedge-wedge bonder.

Wedge-Wedge Wire Bonding

Figure 2.3 illustrates an ultrasonic wedge-wedge bonding process, which typically
employs an aluminum wire that is bonded to aluminum or gold bond pads. As
shown in Figure 2.3 a, the wire is fed through the tool towards the wedge. The
wire is then pressed with a predetermined force against the bond pad. In addition,
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Figure 2.3: Process flow of standard wedge-wedge bonding.

ultrasonic energy is simultaneously applied, generated by a transducer that vibrates
the wedge parallel to the substrate and in a direction along the wire axis, with a
frequency typical of 120 − 140 kHz [10], as depicted in Figure 2.3 b). The tool
then moves towards the second bond position (Figure 2.3 c) and performs a second
bond that is similar to the first one (Figure 2.3 d). Finally, the wire clamp is
closed and the wire is torn off directly behind the wedge by pulling back the tool,
as depicted in Figure 2.3 e. Ultrasonic wedge-wedge bonding of aluminum wire
is an attractive room-temperature process and enables the use of both thin wires
for fine pitch applications and thick wire for high power applications. However,
automated wedge-wedge bonding tools are comparatively slow and have limitations
in generating arbitrary loop shapes and directions [8, 10, 11].

a) b)

Figure 2.4: a) SEM image of a wedge tool (MaxiBond wedge, Gaiser Tool Company) b) SEM
image of a wedge bond.

Figure 2.4 a shows an SEM image of the lower part of a wedge tool that
is typically made of tungsten carbide, titanium carbide or ceramic/metallic
composites (cermet). The main features of a wedge tool are the feed hole visible
on the right side of the structure and the exit hole in the center that are used to
feed the wire towards the bond foot situated at the left side. The bond foot is the
part of the wedge tool that is in contact with the wire during the bond process and
defines the impression in the bonded wire, depicted in Figure 2.4 b [12].
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Ball-Stitch Wire Bonding

Figure 2.5 a illustrates a thermosonic ball-stitch bond process using gold wire that
is bonded to gold or aluminum pads. This technique and material combination
is by far the most commonly used interconnection method in integrated circuit
packaging. As shown in Figure 2.5 a, gold wire is fed through a ceramic bond
capillary, an electrical flame off (EFO) melts the wire and forms a gold sphere,
the free air ball (FAB), at the end of the wire. The free air ball is then pulled
up to the tip of the capillary and the tool moves laterally to a position above the
desired bond pad on the device, which is placed on a heated work piece holder
(Figure 2.5 b). The tool then presses the free air ball with a defined force against
the pad. Together with a simultaneous input of ultrasonic energy, the weld between
the ball and the pad is generated, as depicted in Figure 2.5 c. The tool then moves
towards the second bond pad where the stitch bond is performed (Figure 2.5 d
and e). As shown in Figure 2.5 e, the wire is compressed between one side of the
capillary tip and the pad. Again force, ultrasonic and heat energy create the weld
between the wire and the pad. The tool then moves upwards (Figure 2.5 f) where
the wire is torn off by closing the wire clamp and moving the tool straight upwards
(Figure 2.5 g).

Temperature

Force &

Ultrasonics

Ball Bond

Temperature Temperature

Force &

Ultrasonics

Stitch Bond

Temperature Temperature Temperature

a) b) c) d) e) f) g)

Flame Off

Electrode

Bond

Capillary

Wire

Clamp

Free Air Ball

Figure 2.5: Process flow of standard thermosonic ball-stitch bonding of gold wire. A free air
ball (FAB) is ball-bonded to a metal pad, and after generating a specific loop shape of the wire,
it is stitch-bonded to the second bond pad.

Thermosonic ball-stitch bonding of gold wire is the method of choice for most
high-volume, low-cost applications since it is a very mature process, providing high
reliability and throughput. This process offers the highest degree of freedom and
flexibility for arbitrary loop shapes and directions of the bonded wire [8, 10, 11].
This is mainly due to the fact that the wire can be led off to any position with
respect to the first bond position. The ball bond has a circular shape and hence
offers a 360◦ freedom of movement of the bondhead and looping of the wire towards
the second bond position. Wegde-wedge bonding in contrast has a more limited
freedom of movement of the bondhead due to the predetermined direction of the
wire that is caused by the wedge bond [10, 11]. In ball-stitch bonding, various loop
shapes, mainly driven by shrinking package sizes, have been implemented over the
years. Common loop shapes in electronics packaging are depicted in Figure 2.7.
The standard loop with a rounded wire profile (Figure 2.7 a) can be modified to a
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a) b)

d)c)

Figure 2.6: a) Photo micrograph of a fine-pitch ceramic bond capillary (SBNS-35DP-C-1/16-
XL, SPT Roth Ltd, Switzerland) with a 25 µm gold bond wire and free air ball. The tip of the
flame off electrode is visible in the lower right corner of the image. Inset: The tip of the capillary
is tapered for fine-pitch applications. b) Scanning electron micrograph (SEM) image of three
ball-stitch bonds with typical loop shape and a gold wire diameter of 25 µm. c) SEM image of
fine-pitch ball bonds with 20 µm gold bond wire. d) SEM image of a stitch bond.

flat loop (Figure 2.7 b) in order to create a lower loop profile and thereby reduce
the volume of the package. More specialized loops with even lower wire profiles can
be created by reverse bonding (Figure 2.7 c). In reverse bonding first a ball bump
is placed on the die, then a ball bond is performed on the lead and the wire finally
is stitch bonded on the ball bump on the die. Figure 2.7 d depicts another type of
loop that is used for ultra small chip scale packages (CSP).

a) b)

Die Package Die Package

d)c)

Die Package Die Package

Figure 2.7: Some representative examples of loop shapes that can be created by ball-stitch wire
bonding. a) Standard forward loop. b) Flat forward loop. c) Reverse loop. d) Chip scale package
(CSP) loop.
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Gold ball bumping

Gold ball bumping is a variation of ball-stitch bonding and is widely used to create
gold-to-gold interconnections for flip-chip packages used for e.g. HB LEDs and
CMOS imagers [13]. The estimated cost per 100,000 ball bumps is approximately
14 $ in high-volume [13] and thus, ball bumping can be cost competitive towards
wafer-level plating processes for scenarios with I/O counts on that order or below.

T T TT

Force &

Ultrasonics

a) b) c) d) e)

Figure 2.8: Ball bumping process flow. A free air ball is ball-bonded to a metal pad and the
wire is subsequently torn off.

Gold bumps are typically formed on wafer-level according to the procedure
illustrated in Figure 2.8. Similar to the ball-stitch bonding process, an electrical
flame off (EFO) forms the free air ball, as depicted in Figure 2.8 a. The free air
ball is then thermosonically bonded to a pad with the help of force, ultrasonics and
temperature (Figure 2.8 c). Instead of performing a second stitch bond, the tool
now moves to a certain height where the wire is torn off by closing the wire clamp
and moving the tool straight upwards (Figure 2.8 d and e).

After bumping, the wafer is typically diced, flipped and thermosonically welded
to a substrate with corresponding gold pads. Figure 2.9 a and b show standard
gold ball bumps. In ball bumping it is common to planarize the top surface of
the bumbs. This technique is called coining and creates uniform bump heights,
flat bump surfaces and an increased bond area, as shown in Figure 2.9 c. Pai et
al. use patterned coining tools for imprinting high aspect ratio structures in the
bumps [14]. Ball bumping also enables the stacking of multiple bumps, as depicted
in Figure 2.9 d. This is commonly used as a technique to create higher standoffs
between flip-chip bonded dies [8, 15]. Wire-bonded ball bumps can serve as an
alternative to regular TSVs and have already been implemented in mass-produced
devices such as CMOS image sensors [16]. However, this method is restricted to
TSVs with low aspect ratios and thin substrates as the possible dimensions of ball
bumps are limited.
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a) b)

c) d)

Figure 2.9: SEM images of a) a standard Au ball bump, b) a low-profile Au ball bump, c) a
coined ball bump and d) stacks of two and three ball bumps.

Materials Used in Wire Bonding

All wire bonding processes are limited to certain material combinations and can be
sensitive to imperfections and contamination of the bond pad surfaces [8, 10, 11].
Commercially relevant and well-developed wire-pad material combinations are Au-
Au, Au-Al, Au-Cu, Au-Pd, Al-Au, Al-Al and Al-Ni. Strongly emerging wire-pad
material combinations are Cu-Al and Cu-Cu due to a more attractive commodity
price of copper as compared to gold [10]. For mainstream wire bonding, copper wire
is now firmly established and many resources are focussed on optimization of this
process [17–19]. Other, more exotic wire-pad combinations such as Pd-Al [20, 21],
Pt-Pt [22], Ni-SiC [23], Ag-Au [24], Ag-Al [25] and Ag-SiC [26] have been reported
as well. It has also been shown to be possible to bond gold wires to silicon structures
with the help of standard wire bonding tools. In this case, the bond mechanism is
not based on metal/metal-welding but on a plastic deformation of a ball bond into
a silicon hole, which results in a mechanical attachment [27]. This method however
requires a wire with a low hardness in order to enable a plastic deformation of the
wire without deforming or damaging the substrate.

Unconventional uses of wire bonding technology

One of the key opportunities represented by the wire bonder is the ability to form
micro-structures directly from micron-sized metal wire stock. The combination of
wire stock, kinematics of the bond-head and capillary and wire loops enable the
rapid formation of solenoids. To date, a range of morphologies have been explored in
order to create electrical coils for applications including MRI [28–30], NMR [30, 31],
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levitation [31], THz meta-material [32], energy harvesting [33, 34], transformers and
DC-DC converters [35] and inductors [36].

Wire-bonded structures have also been explored for use as RF devices. By
forming a single semicircular loop between two separated bond-pads, Willmot [37–
39] has created a half-wavelength loop antenna at 40 GHz for use in an on-chip
radio. In order to overcome the space limitations of on-chip waveguides, Lim et
al. [40] have created slow wave structures for a lower frequency range (GHz), from
co-planar on-chip capacitor plates, connected via wire bonds to form a classical
lumped LC transmission line structure. Yet another productive area of wire-bond
exploration is RF signal conditioning. Khatri et al. [41] employ two orthogonally
placed sets of three chip-to-substrate wire bonds that connect to the RF electronics,
to form a band pass differential Butterworth filter structure for the lower GHz
decade. This in turn exploits the mutual inductance of adjacent wires and the
accurate on-chip capacitors. Similarly, [42] uses patterned capacitors and wire bond
lengths as inductors to form an RF structure connected to an integrated MEMS RF
switch. In order to achieve microwave filter tunability, Zhou et al. [43] have created
a hierarchy of capacitive and inductive patches close to a three-pole microstrip filter
on a low-loss substrate.

One of the early unconventional uses of wire bonders was reported by Stieglitz
et al. in [44–46], in which the ball bumps were used as rivets to attach, both
mechanically and electrically, a flexible micro-ribbon to a microchip. The main
target of this application was neural prosthesis. This idea was later picked up
in [47], for use in implantable MEMS with an attached micromachined flex cable,
achieving contact resistances below 1 mΩ. The ball bump can also be used as a
complete printing platform, and Pai et al. [14] have combined wire bonding with
imprinting in an interesting manner. By first forming a ball bump on a gold plated
wafer substrate, it is then reshaped through plastic deformation using a previously
prepared silicon microstructured stamps.

Vertical wire bond studs, out of the wafer or chip plane, are useful structures
in their own right. Tonomura et al. [48] have created a chemical analysis chip that
uses an array of 16 wire bond stud wires, protruding above the chip surface and
into a liquid channel formed above the chip. Another interesting application of wire
bonding is the use of parallel bond wires as movable masses in an accelerometer
for very-low-cost sensor applications [49–51]. Therefore, parallel bond wires are
connected to the sensor read-out electronic circuit. The wire movement due to
external acceleration forces changes their capacitance, which can then be measured
as the sensor signal. In another work, micro-scale hotwire anemometers for air-flow
sensing have been fabricated by using wire bonding of aluminum bondwires.

The wide spectrum of applications reveals that wire bonding is a fast and flexible
microstructuring tool, with growing potential for new applications, as new process
capabilities are being explored. Wire bonding is a viable approach for efficiently
integrating wire materials with interesting properties into micro-structures, and
thereby enabling heterogeneous microsystems. A detailed review of all application
areas can be found in paper 12.
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2.1.2 Introduction to through silicon via technology
Three main technologies for the electrical interconnection of stacked dies in
2.5D and 3D SiPs exist: wire bonding, flip-chip bonding and through silicon
vias (TSVs). Especially TSVs enable shorter signal path lengths with superior
electrical characteristics in terms of lower capacitive, resistive and inductive
parasitic components [7]. Therefore, large development efforts for the realization of
reliable and cost-efficient TSVs are currently ongoing and the first commercially
available devices such as MEMS inertial sensors, MEMS microphones, CMOS
imagers and HB LEDs successfully incorporate TSV technology [52, 53]. As
shown in Figure 2.10, the structure, and hence the fabrication, of TSVs can be
roughly divided into three major elements: a vertical hole through the substrate, a
conductive core and a dielectric layer acting as an insulator between conductor and
substrate. The most common fabrication techniques of these elements are briefly
discussed in the following part.

Substrate Insulator Conductor

a) b) c)

Figure 2.10: Cross-sectional view of three common TSV designs. a) Solid metal filled TSV, b)
annular metal-lined TSV and c) metal-lined TSV with tapered side wall profile (Paper 1)

Via holes — Various methods for the formation of via holes exist and can be
categorized into dry etching [5, 54–60], wet etching [55] and drilling processes [52,
61]. Via holes can have either straight [56, 57, 59, 60] (Figure 2.10 a and b)
or tapered sidewall profiles [54, 58] (Figure 2.10 c) as well as combinations of
both [5, 55]. Typical diameters of via holes vary between a few microns [6, 56]
and several hundreds of microns [59], and the majority of TSVs have an aspect
ratio between 1:1 and 10:1. Deep Reactive Ion Etching (DRIE) is by far the
most commonly used technology to form TSV holes. It offers excellent process
controllability and is capable of creating high aspect ratio features with specific
sidewall profiles and topographies. The etch rate of DRIE is aspect ratio dependent
and may cause several topographic imperfections on the sidewalls of the via holes
such as scalloping, caused by alternating etch- and passivation-steps, which results
in corrugated sidewalls. By using state-of-the-art DRIE equipment these effects can
be minimized [54] and adopted to the demands of subsequent insulation, barrier and
seed-layer deposition steps (Paper 4). Laser ablation is an emerging low-cost, high-
speed process for drilling TSV and TGV holes as it benefits from the absence of any
lithographic process steps. This results in high process and design flexibility and
thus lower overall costs compared to DRIE [52, 61]. Laser ablation however suffers
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from a high local thermal load, crystal defects and particle generation around the
perimeter of the drilled via hole. Additional cleaning and smoothening steps [61]
are required and therefore reliability issues may arise due to induced stress on pores
and micro-cracks [62].

Via insulator — Chemical Vapour Deposition (CVD) is a well-established
CMOS-compatible process with moderate temperature requirements [5, 6, 56, 58]
and is therefore the most commonly used method for direct deposition of silicon
dioxide or silicon nitride on via sidewalls. Organic dielectrics [63, 64] such
as Benzocyclobutene (BCB) [60], epoxy-based polymers [59, 60], silicone [60] or
Parylene [58] are used as well. Polymers, especially low-κ types with a lower
relative permittivity κ compared to silicon dioxide, are very attractive for the
realization of TSVs with improved electrical characteristics in terms of lower
capacitive parasitics [59, 65]. The relative permittivity of selected via insulation
materials are listed in table 2.1. Furthermore, polymers can act as a buffer for
thermo-mechanical stress that is caused by coefficient of thermal expansion (CTE)
mismatches between the via metallization and the silicon bulk material [64–67]. As
shown table 2.1, the Young’s modulus of these polymers is typically two orders of
magnitude lower as compared to silicon dioxide and silicon nitride.

Table 2.1: Relative permittivity κ and mechanical properties (Young’s Modulus E and Coefficient
of Thermal Expansion α) of commonly used TSV insulation materials, including silicon nitride
and silicon oxide as well as emerging low-κ insulators. Silicon serves as reference in the first row.

Material κ E [GPa] α [ppm/K]
Si [68] - 190 2.33
SiO2 (PECVD TEOS) [69] 3.9 64 2.61
Si3N4 (LPCVD) [70] 7 261 1.7-2.3
BCB 3000 Series (Dow) [71] 2.65a 2.7 - 3 42.3
Parylene N [72] 2.65b 2.4 69
SU-8 2000 (Microchem) [73] 3.2c 2 52
InterVia 8023 (Dow) [74] 3.2d 4 62

a1-20 GHz b60 Hz - 1 MHz cat 10 MHz dat 1 GHz

Via conductor — The formation of a low-resisitivity via conductor is the most
critical and often the most costly part of the via fabrication. The two basic via
designs are either based on solid or lined metallizations for the vertical conductor.
Established processes include electrodeposition of copper [55, 56, 58–60, 67], CVD
of tungsten [6, 75], CVD of polysilicon [6, 76] and the use of low-resistivity bulk
silicon [57]. Especially electrodeposition of copper, being a very well-established
semiconductor process, is used by many research groups and implemented in most
commercialized devices containing TSVs. Electrodeposition of copper benefits from
widely available tool vendor support and process maturity as well as being amenable
to deposition at near to room temperature, but suffers due to its complexity in
terms of process controllability, reliability and throughput [52]. In particular,
it is challenging to implement high aspect ratio TSVs with void-free conductive
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metal cores [52, 56, 77]. Alternative approaches to plating processes have therefore
been investigated, such as the via filling with conductive metal pastes [5, 78, 79],
solder [80, 81] as well as the use of wire-bonded ball bumps [16] (Paper 4).

Table 2.2: Electrical resistivity ρ and mechanical properties (Young’s Modulus E and Coefficient
of Thermal Expansion α) of TSV metal fillings, separated by standard materials and ferromagnetic
elements. Silicon serves as reference in the first row.

Material ρ [Ω · m] E [GPa] α [ppm/K]
Si [68] - 190 2.33
Cu [82] 1.7 · 10-8 110 16.4
Tu [82] 5.65 · 10-8 400 4.4
Au [82] 2.2 · 10-8 77.2 14.4
Ni [82] 6.4 · 10-8 207 13.1
Co [82] 6.24 · 10-8 211 12.5
Fe [82] 8.9 · 10-8 200 12.2

2.2 Integration of bulk wire materials based on magnetic
assembly

A novel approach for the integration of bulk wire materials for through silicon
via applications with medium to high I/O counts is investigated in this thesis. A
concept based on the magnetic assembly of ferromagnetic pre-formed via cores is
proposed. This assembly technique allows for a parallel and cost-effective metal
filling of via holes and hence meets the requirements of increasing I/O counts.

Magnetism as a non-contact force enables a contactless manipulation of
ferromagnetic features over long distances and is insensitive to the surrounding
medium and independent of details of the surface chemistry. Magnetic fields
can have high energy densities and can influence feature sizes from millimeter to
nanometer-scale [83–86]. At a macroscopic scale, magnetic forces have been used
for the self-aligned assembly of discrete components that are magnetic or contain
patterned magnetic structures. Representative applications include the assembly of
vertical-cavity surface-emitting laser (VCSEL) chips to IC substrates [87], parallel
oriented assembly of components on carrier substrates [88, 89], generic wafer-level
packaging approaches [88, 90] and the integration of SMD capacitors into through-
silicon holes [91]. At micro- and nanoscales, magnetic assembly has been used
for the trapping, alignment and assembly of magnetic nanowires [92–96]. In [83],
state-of-the-art methods and applications for self-assembly are reviewed in detail.

The first part of this section introduces the novel magnetic assembly concept for
the fabrication of TSVs with very high aspect ratios (> 20 : 1), where the second
part deals with a optimized design for the transmission of high frequency signals.
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2.2.1 Through silicon vias with very high aspect ratios

a) b)

Ni

SiO2

Si BCB

c) d)

Figure 2.11: Via formation concept: a) The via hole is formed by DRIE, stopping on a silicon
dioxide layer. b) A conductive, ferromagnetic nickel core is placed in the via hole by magnetic
assembly. c) The remaining hollow space in the via cavity is filled with the thermosetting polymer
Benzocyclobutene (BCB). d) A grinding and polishing step removes excess polymer and nickel
from the front-side (Paper 4).

As illustrated in Figure 2.11, the metallization of the via is realized by an
instantaneous filling technique that magnetically assembles pre-formed ferromag-
netic via cores into the via holes. The order of the metallization and insulation
process step is reversed (Figure 2.11 b and c) as compared to most conventional
TSV fabrication scenarios (as described in section 2.1.2), where the metallization
is gradually grown on a barrier, insulation and seed layer. The proposed approach
therefore is insensitive to the topography of the via sidewall (i.e. scallops). The
insulator used is the thermosetting polymer BCB CYCLOTENE ®, which is known
for excellent electrical characteristics and that it is suited for a void-free filling of
high aspect ratio features [97]. As shown in table 2.2, the electrical resistivity of
ferromagnetic nickel is similar to tungsten, but approximately 3 to 4 times higher
than gold and copper. The thermal coefficient of expansion (CTE) of nickel is
approximately 20 % lower as compared to copper. Volume-manufactured nickel
wires with diameters down to 10 µm are commercially available and are typically
used for chemically resistant woven filter cloth, screen printing masks and recently
also as bond wire for interconnections in the high-temperature packaging of SiC
electronics [23]. The ferromagnetic properties, the availability at low cost and the
fair electrical DC characteristics of nickel makes this material a highly attractive
choice for the presented TSV fabrication concept.

Figure 2.12 shows hundreds of straight nickel wires that are aligned along the
magnetic field lines of a underlying permanent magnet. The wires have a diameter
of 35 µm and a length of 350 µm. By moving the magnet laterally below the
substrate, the wires can be steered to certain positions such as via holes in the
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substrate. Within this work, this filling technique has been automized and used to
fabricate TSVs with very high aspect ratios.

a) b)

B = 0 T B = 1.1 T

Figure 2.12: Behavior of nickel wires in a magnetic field: a) about 300 straight nickel wires
(35 µm diameter, 350 µm length) without an applied magnetic field. b) a magnetic field of 1.1 T
is generated by a permanent magnet. The nickel wires align along the field lines and thereby erect
themselves perpendicular to the ground plane.
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Figure 2.13: The TSV fabrication scheme can be divided into three main steps. First is the
formation of the via hole by DRIE etching, second is the magnetic assembly of the conductive
TSV core and third is the filling with the dielectric (Paper 4).

The fabrication process for the TSVs is illustrated in Figure 2.13 and is based on
double-side polished Si wafers with a silicon dioxide layer on both sides. A standard
lithography and RIE on the front-side of the substrate defines the circular openings
for the vias in the silicon dioxide hardmask, as illustrated in Figure 2.13 b. Seen
in Figure 2.13 c, a DRIE process creates via holes with straight side walls. The
DRIE stops at the silicon dioxide on the bottom of the cavity. A subsequent high
temperature treatment in a furnace is used to remove polymer residuals from the
DRIE passivation cycles by pyrolization. In the same furnace a thermal oxidation
creates a thin silicon dioxide layer, as shown in Figure 2.13 d. The silicon dioxide
layer ensures an electrical insulation of the via sidewalls and creates a hydrophilic
surface of the via sidewall, which is of importance for the insulation step that is
carried out later on.



20 CHAPTER 2. 3D INTEGRATION OF BULK WIRE MATERIALS

Pre-fabricated nickel cores are then distributed on the front side of the target
wafer. By utilizing an automated robotic assembly tool, the permanent magnet
can be moved into close proximity to the back-side of the wafer, as indicated in
Figure 2.13 f. The nickel wires that are manually placed on the wafer surface are
drawn to the location of the magnet and erect themselves perpendicular to the
substrate surface. With programmed patterns for the magnet movement all via
holes can be filled in an automated process. The results of the performed assembly
experiments, including the movement patterns and the yield of the filling process,
are presented below.

The via cavities are subsequently filled with the thermosetting polymer BCB CY-
CLOTENE ® 3022-46 (Figure 2.13 g). The subsequent hard-curing of the BCB is
performed on a hotplate in a vacuum environment in order to prevent any void
formation in the polymer. A subsequent grinding and polishing step removes excess
nickel and BCB from the surface of the substrate, as shown in Figure 2.13 i. A
lithography and RIE of the silicon dioxide and BCB residues opens the contact
area of the via on the back-side of the wafer, as illustrated in Figure 2.13 j. Two
consecutive TiW / Au depositions on both sides of the wafer interconnects the nickel
cores of the vias. A lithography, wet Au etch and dry TiW etch (Figure 2.13 k)
is made to define Kelvin test structures intended for the measurement of the DC
resistance of the vias.
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Wafer 
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Wafer

Figure 2.14: a) Assembly setup with the wafer gripper and assembly part on robot arm in the
centre of the table, the wafer cassette station and the assembly stage to its right. The assembly
process consists of four steps: 1. scanning the cassette for wafers, 2. picking the chosen wafer and
placing it on the assembly stage, 3. positioning the assembly arm, placing the magnetic via cores
manually on the substrate and carrying out the automated magnetic assembly, 4. putting the
wafer back into the cassette. b) Schematic drawing showing the custom built assembly arm that
consists of a permanent magnet mounted on an aluminum sheet and a camera above the magnet.

For the magnetic assembly process, a robotic setup shown in Figure 2.14 a,
has been devised. It is based on a wafer handler robot for 200 mm substrates.
Figure 2.14 b shows a schematic depiction of the robot arm that has been modified
in order to mount a permanent magnet. The tool enables programmable movement
of the magnet with three degrees of freedom and a precision of 30 µm. In this way
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different movement patterns were implemented and adopted to varying layouts
of via holes. Also depicted in Figure 2.14 is a camera for optical inspection,
which is mounted directly above the magnet and faces the front-side of the
substrate. By using a wafer handler robot for the magnetic assembly, an automated
cassette-to-cassette process can be implemented, i.e. picking a wafer from an
input/output cassette, placing it on a dedicated assembly stage, performing the
magnetic assembly and placing the wafer back into the cassette.
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Figure 2.15: Movement patterns of the assembly robot: a) Small advancing rectangles with an
edge length of d = 0.76 mm. b) Long linear sweep with a length of approximately d = 1.5 cm.
The sweeping is based on a radial movement of the robotic arm. In both illustrations the sweeps
are approximated to straight linear movements due to the large radius of the radial movement
(approximately 0.75 m) and the comparable short sweep length d. c) Filling rates for the assembly
of via arrays (10 × 10 holes, approximately 2500 to 3000 wires). Two different movement patterns
and two different speeds were tested. The slow patterns exhibited a yield of 100 % and the highest
filling rate.

A series of assembly experiments with different movement parameters was
conducted. As shown in Figure 2.15, the assembly process was evaluated on
10 × 10 via arrays with an excess amount of nickel wires (approximately 2500
to 3000). The wires in these experiments had diameters of 35 µm and lengths of
360 µm. The via holes had diameters of 42 µm and were fabricated in arrays of
10 × 10 - vias with a pitch of 350 µm on a substrate with a thickness of 350 µm.
With respect to the array size of 3.5 mm and the size of the cubic permanent magnet
with an edge length of 5 mm two different movement patterns were programmed,
as schematically illustrated in Figure 2.15. The pattern in Figure 2.15 a has a
very short sweep length d of 0.76 mm, whereas the pattern in Figure 2.15 b has a
sweep length d of 1.5 cm. Furthermore, the experiments have been conducted at
two assembly motion speeds, a fast motion (Ω1 at 120◦/s) and a slow motion (Ω2
at 4◦/s). The vertical distance of the magnet to the back-side of the wafer was
approximately 125 µm in all experiments.
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As Figure 2.15 c shows, the filling rate, i.e. the number of filled via holes per
second, is dependent on the speed and the sweep length d of the assembly motion.
Larger sweep lengths result in a faster filling process. The lateral force on the
wires only occurs due to a gradient in the magnetic field, which is more prominent
near the edge of the cubic magnet. For small sweep lengths this implies that the
wires located above the center of the magnet move very little or not at all, which
explains the poor filling rate from the movement pattern shown in Figure 2.15 a.
Also shown in Figure 2.15, the assembly process improves with decreasing speed of
the assembly motion. A fast assembly motion causes the wires to tilt from their
perpendicular position while being dragged along the substrate surface which makes
it more difficult to pull them into the via holes. Slower motion speeds reduce the
wire tilt and therefore increase the filling rate. As shown in Figure 2.15, a filling
yield of 100 % within 66 s to 81 s could be demonstrated by using the movement
pattern indicated in Figure 2.15 b and a slow motion speed (Ω2 at 4◦/s).

Figure 2.16: SEM image of a 30 × 30 array with a pitch of 120 µm of nickel wires placed in
the via hole prior to to the filling of BCB. The minimum via hole diameter for a 35 µm wire was
determined to be 40 µm.

As shown in Figure 2.16, assembled wires that are protruding from the substrate
surface act both as a mechanical and magnetic obstruction for the excess wires
during the assembly process. These two effects have a negative impact on the
filling rate. In order to overcome the mechanical obstruction, the wires can be
cut to a length that is the same or shorter as the depth of the via holes. Due to
the magnetization of the nickel during the assembly process, the excess wires can
stick to the ends of assembled wires and cluster even after the assembly-magnet
moves on. It is possible to demagnetize, and thereby eliminate the clustering of the
ferromagnetic nickel rods, by reversing the magnetic field. This can be achieved
by either flipping the permanent magnet or using an alternating magnetic field
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that is induced by an electromagnet. By flipping the permanent magnet it was
even possible to fill a via array with a very dense pitch of 120 µm with wires that
were considerably protruding the surface by approximately 150 µm, as shown in
Figure 2.16.
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Figure 2.17: a) SEM image of a polished cut through a TSV with an aspect ratio of 8:1. Note:
As indicated in the drawing, the sample was tilted during the grinding process of the cross section,
which leads to the apparent view of a non-constant via diameter. b) Optical microscope image
of a polished cut through a TSV with an aspect ratio of 31:1 for the metal core and an overall
aspect ratio of 24:1.

Figure 2.17 a and b shows two cross-sectional SEM images of polished cuts of
magnetically assembled TSVs. The filling with BCB was successfully conducted
without any visible air-voids or defects after the complete hard curing procedure.
Also, due to the use of the wire as a base material, the nickel core is inherently
void-free. There are no indications for delamination of the BCB at the via side
walls or the via core, which might cause mechanical or electrical failures of the vias.
Figure 2.17 a shows the cross-section of a magnetically assembled TSV with an
aspect ratio of 8:1 that consists of a nickel core with diameter of 35 µm, a length of
325 µm and a via hole diameter of 20 µm. As depicted in Figure 2.17 b, a similar
inspection was performed with a magnetically assembled TSV with an aspect ratio
of approximately 24:1. This TSV consists of a nickel core with diameter of 15 µm
and a length of 470 µm, which was assembled in a via hole with a diameter of
20 µm.

The electrical DC resistance of magnetically assembled nickel TSVs with
a diameter of 35 µm and a length of 250 µm has been evaluated by a 4-
wire measurement. The measured TSV DC resistance including the contact
metallization on the front- and back-side of the chip is approximately 40 mΩ, which
is in good agreement with the theoretical resistance, which is approximately 20 mΩ
excluding any contact metallization.

More details concerning wire preparation, fabrication and characterization can
be found in Paper 4.
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2.2.2 Through silicon vias for high-frequency applications
Even though DC resistances of ferromagnetic materials such as nickel, cobalt or
iron are within a very close range to those metals commonly used for vias such as
copper, gold, aluminum, or tungsten, there is an enormous discrepancy regarding
their performance for the transmission of AC signals. This is mainly due to the
skin effect which causes the resistance of a conductor to substantially increase with
increasing frequency. The skin effect causes the flow of an alternating current in a
conductor to be confined to a small area close to the surface of the conductor. The
area of confinement is dependent on the frequency of the alternating current and
can be described by the skin depth. In Equation 2.1, the definition of the skin depth
δ is given in relation to the specific electrical resistivity ρ, the angular frequency of
the current ω, and the magnetic permeability µ. The skin depth decreases for higher
frequencies, causing the effective electrical resistance of the conductor to increase.
Especially, for high frequency applications, ferromagnetic materials provide very
poor conductivity (i.e. low skin depth) due to their high magnetic permeability µ.

δ =
√

2ρ
ωµ

(2.1)
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Au-coated Ni wire
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Figure 2.18: a) SEM image of a gold-coated nickel wire. In order to evaluate the thickness of
the electroplated gold layer, a small pit was formed on the wire surface by focused ion beam (FIB)
milling. The gold thickness was measured to be 1.7 µm. The surface of the gold film has a rough
surface, which is characteristic for electro-deposited layers. b) Top-view on a TSV after grinding
the front-side.

In order to improve the high frequency capabilities of this TSV concept, nickel
wires with a gold-cladding were fabricated. In this way, the ferromagnetic properties
needed for the magnetic self-assembly process are combined with the high electrical
conductivity of gold. Due to the skin effect, the current density is greatest at
the outermost region of the conductor. Thus, the skin effect can be utilized to
confine most of the current to the gold cladding of the wires, which enables a
considerable improvement of the high frequency conductivity and reduction of the
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signal losses [98]. The thickness of the gold layer is determined by the skin depth
at the targeted operating frequency of 75 GHz. For this frequency, the skin depth
in gold was calculated to be 0.29 µm. In order to ensure satisfying broad band
characteristics of the TSV, a gold layer with a thickness of 1.5 µm was deposited
by electroplating on the nickel wires, as shown in Figure 2.18 a and b.
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Figure 2.19: a) Cross section and b) top-view of the micromachined coplanar-waveguide (CPW)
that have been used for the evaluation of the electrical performance. c)

For the RF characterization, coplanar-waveguide (CPW) structures have been
designed and fabricated according to the process flow that is depicted in Figure 2.13.
High-resistivity silicon substrates (5000-8500 Ωcm) have been used for the fabri-
cation of the CPW structures depicted in Figure 2.19 a and b. The CPW has
a signal line width of 120 µm and a gap of 85 µm, where the total length of the
transmission line is 2450 µm with a impedance of 50 Ω at the nominal frequency of
75 GHz. To extract the transmission loss from the test structure, a reference CPW
transmission line without any interconnections was fabricated on the front-side of
the wafer. The test structures, illustrated in Fig. 3, are measured using a vector
network analyzer (VNA), which is calibrated with a standard short-open-load-thru
(SOLT) technique from 100 MHz to 110 GHz. The measured results indicate that
the CPW integrated with gold-coated nickel wire interconnections offers an excellent
RF performance for a very wide band. At the nominal frequency of 75 GHz, the
return loss is better than −11 dB and the insertion loss is better than −2.26 dB.
As compared to the CPW with direct transmission line trace from the input to
the output ports (no interconnections), a single section of the proposed TSVs has
an insertion loss of −0.53 dB. Moreover, a return loss of better than −10 dB is
achieved up to 85.7 GHz. The insertion loss at 85.7 GHz is −3.2 dB, resulting in
an insertion loss of −0.96 dB per single section of interconnection.

Although the vertical interconnections in [99–103] can achieve slightly wider
operational bandwidths up to 110 GHz, the aspect ratios of these through silicon
connections are much lower than the novel concept proposed in this work. This is
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due to the fact that the designs in [99–103] rely on anisotropic etching of the silicon
wafer, typically with potassium hydroxide (KOH), whereas the concept presented
here utilizes a plasma etching process of the substrate, resulting in a more compact
TSV design and a better control of the process parameters.

More details concerning wire preparation, fabrication and characterization can
be found in Paper 8.

2.3 Integration of bulk wire materials based on wire
bonding technology

This section introduces novel methods for the integration of bulk wire materials
on wafer level that have been developed within this thesis work. The first part
is dedicated to novel uses of existing wire bonding technology for yet another
through silicon via fabrication concept, liquid and vacuum packaging applications
and microactuators.

2.3.1 Wire-bonded through silicon vias
In this part, two novel fabrication methods for TSVs based on wire bonding
technique are presented. The first wire-bonded TSV concept is optimized for
high electrical performance for for demanding applications and the second concept
focuses on the realization of high aspect ratio TSVs.

Wire-bonded through silicon vias with high electrical performance

In order to reduce resistive, inductive and capacitve (RLC) parasitics both the
design of the via and the used materials have to be considered. The main
requirements are:

• A metal via core with low AC/DC electrical resistance for low conductive
losses in the via

• An insulation layer with a low relative permittivity (i.e. a low-κ material)
and sufficient thickness for low capacitive coupling to the substrate

• A sufficiently large via pitch for low capacitive coupling between the vias

They key for a TSV with high electrical performance is a low resistance metal
core and a low-κ insulator with a sufficient thickness. The proposed TSV design
is therefore based on a high quality and inherently void-free gold metal core that
is integrated into the via structure by wire bonding technology. As depicted in
Figure 2.20, a wire is ball-bonded to a metal membrane on the bottom of the via
cavity. The remaining hollow space of the cavity is subsequently filled with a low-
κ dielectric, which both acts as an insulator and provides mechanical support for
the via core. Similar to the magnetically assembled TSV concept, the order of
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the metallization and insulation process step is reversed as compared to traditional
TSV fabrication schemes.

BCBSilicon

Aluminum

Gold

Figure 2.20: CAD image with a cross sectional illustration of the main elements of the wire
bonded TSV design. The metal core in the center of the via is a ball-bonded wire on a metal
membrane and is surrounded by a polymer (Paper 1).

The via core consists of a gold bond wire with a diameter of 25 µm. In order to
be able to wire-bond at the bottom of the via cavity and to achieve a low capacitive
coupling of the metal core to the substrate, a via hole diameter of 200 µm was
chosen. The electrical characteristics of a TSV based on the proposed design is
shown in Figure 2.21. The inductance shows a deviation of less than 25 pH but the
resistance changes from 40 mΩ at DC to 250 mΩ at 50 GHz. For digital signaling,
the change in resistance is still negligible but it must be be potentially considered
for other applications. The capacity for the proposed design is on the order of 20 fF.

The fabrication process for the TSVs is depicted in Figure 2.22 and is based on
300 µm thick double-side polished 100 mm-substrates with a silicon dioxide layer on
both sides. A lithography and RIE process on the front-side of the substrate removes
the oxide and defines the circular openings for the vias in the oxide hardmask. An
aluminum layer with a thickness of 5 µm is sputtered on the unpatterned backside
of the wafer (Figure 2.22 b). A DRIE process creates the via holes with straight
side walls. The etch stops on the lower silicon dioxide layer on the bottom of the
cavity, which is subsequently removed (Figure 2.22 c). As depicted in Figure 2.22 d,
a bond capillary with a small tip-diameter for ultra-fine pitch applications is used
in order to be able to place the wire bond on the bottom of the cavity. The bond
head moves down after the free-air-ball (FAB) formation by an electrical discharge.
The bond head moves subsequently straight upwards, generating a tail length of
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Figure 2.21: RLC Simulation: a) Frequency-dependence of the resistance and inductance of a
single wire-bonded via between 100 MHz and 50 GHz. Au core diameter = 25 µm, BCB diameter
= 100 µm b) Simulated capacitance for a TSV with BCB insulation with a thickness ranging from
1 µm to 500 µm, Au core diameter = 25 µm, via length = 300 µm (Paper 1).

about 400 µm (Figure 2.22 e). A second electrical flame off (EFO) cuts the wire
on a spot above the upper substrate surface (Figure 2.22 f). The via cavities are
subsequently filled with the thermosetting polymer BCB CYCLOTENE ® 3022-46
(Figure 2.22 g). The subsequent hard-curing of the BCB is performed on a hotplate
using the temperature profile according to the manufacturer’s standard process
procedures [71]. The curing procedure was performed in a vacuum environment
at 0.02 mbar in order to prevent any void formation in the polymer. A grinding
and polishing step of the frontside removes the remaining gold of the bond wire
and the BCB from the surface of the substrate (Figure 2.22 h). A final aluminum
deposition and patterning step contacts the gold core of the via (Figure 2.22 i).

The wire bonding and the filling process are the most crucial steps in the
presented fabrication scheme and have therefore been extensively investigated. A
process for wire bonding on a metal membrane has been developed with a set of
bond parameters optimized for room temperature conditions, low bond force and
moderate ultrasonic power. The formation of truncated bond wires with the help
of a second flame-off showed the best results in terms of straightness of the wire
and overall process reliability, as shown in Figure 2.23 a. The void-free dielectric
filling with BCB and its characteristics have been investigated with the help of
focused ion beam (FIB) milling, then subsequent SEM inspection (Figure 2.23 b -
d). There were no damages, such as cracks or holes in the aluminum membrane
visible, which could have been caused by the wire bonding process. The filling with
BCB could be successfully conducted without any visible air-voids. Regarding the
polymer, typical shrinkage during cross-linking led to a delamination at parts of the
Au/BCB interface with a gap width of less than 1 µm (Figure 2.23 d). There are no
indications that the delamination causes mechanical or electrical failures of the via,
however, the general reliability of this TSV concept remains to be experimentally
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Figure 2.22: The fabrication scheme can be divided into three major tasks. First is the formation
of the via hole by DRIE etching, second is the wire bonding of the conductive TSV core and last
is the filling with the polymer.

verified. The electrical characterization showed an average resistance of 86 mΩ per
wire-bonded TSV.
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Figure 2.23: The fabrication scheme can be divided into three major tasks. First is the formation
of the via hole by DRIE etching, second is the wire bonding of the conductive TSV core and last
is the filling with the polymer (Paper xyz).

A proof-of-concept for the fabrication of wire-bonded TSVs with an overall
aspect ratio of 1.5:1 has been demonstrated. Smaller TSV diameters and higher
aspect ratios are feasible but limited by the wire bonding process. The usage of
bond capillaries with smaller tip-diameters and/or thinner substrates should enable
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via diameters down to 100 µm. The concept therefore is suitable for applications
with a comparatively low via density and large TSV pitch and also in order to
retain high electrical performance in terms of low RLC parasitics and low crosstalk.
More details concerning simulation, fabrication and characterization can be found
in Paper 1.

Wire-bonded through silicon vias with high aspect ratios

For applications that do not have as high requirements for the electrical performance
but instead require higher aspect ratios of the TSVs, an alternative wire-bonding
process has been developed and a proof-of-concept device has been manufactured.
The concept is based on a long bond wire that is fed into a through hole with a
barely larger diameter than the wire. The wire is then fixed by a stitch bond to
the surface of the substrate.
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Figure 2.24: The fabrication scheme can be divided into three major tasks. First is the formation
of the via hole by DRIE etching, second is the wire bonding of the conductive TSV core and last
is the filling with the polymer.

The fabrication process for the TSVs is depicted in Figure 2.24 and is based
on 625 µm thick double-side polished 200 mm-substrates with a silicon dioxide
layer on both sides. A lithography and RIE process on the front-side of the
substrate removes the oxide and defines the circular openings for the vias in the
oxide hardmask. A subsquent DRIE process creates the via holes with straight
side walls (Figure 2.24 b). The etch stops on the lower silicon dioxide layer on the
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bottom of the cavity, which is subsequently stripped. A thermal oxidation creates
a new insulation layer on front- and backside and the via sidewalls. A TiW/Au
layer is the sputtered on the front-side as bond metallization (Figure 2.24 c). As
depicted in Figure 2.24 d, a bond capillary feeds a long Au wire in the via hole. The
bond head moves subsequently sidewards and performs a stitch bond, as shown in
Figure 2.24 e and f. The bondhead finally moves upwards and generates a tail with
a sufficient length for the next via filling. The via cavities are subsequently filled
with the thermosetting polymer BCB CYCLOTENE ® 3022-46 and hard-cured in
vacuum (Figure 2.24 g). A grinding and polishing step of the front- and back-side
removes the remaining gold of the bond wire and the BCB from the surface of the
substrate (Figure 2.24 h). A final Au deposition and patterning step contacts the
gold core of the via (Figure 2.24 i).

a) b)

Stitch Bond

Gold

BCB

Silicon

Figure 2.25: a) Array of 16 wire bonded TSVs metal cores. The close-up illustrates the
successfully integrated details of the metal core, prior the subsequent filling using BCB. b) Cross-
sectionial view on a wire bonded TSV with an aspect ratio of 20:1.

With this process, gold wires with a diameter of 20 µm and a length of
approximately 650 µm were fed into via holes with a diameter of 30 µm, as depicted
in Figure 2.25 a. Figure 2.25 b shows across-sectional SEM image of a polished cut
of the via after the filling and hard curing of BCB. Both the BCB insulation and
the metal core are void-free. The metal core is however slightly tilted due to the
bond process. There is however no risk of short-circuiting the via and the substrate
by a bent wire as the via sidewalls are insulated by a silicon dioxide layer. With
this fabrication method, TSVs with aspect ratios of up to 20:1 were manufactured.

2.3.2 Room-temperature wafer-level integration of liquids
The use of liquids in MEMS devices is ever increasing. Currently, applications range
from drug delivery systems [104] and small volume chemistry, e.g. electrochemical
gas sensors [105], to MEMS lenses with variable focal length [106] and microhy-
draulics [107]. Liquid integration, i.e. filling and sealing, at the microfabrication
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stage is a recent feature which can enable new devices, simplify production of
existing devices and ease the use of existing devices by enabling liquid filling during
device production.

However, difficulties associated with integrating liquids at the microfabrication
stage include high evaporation rates at elevated temperatures. Some applications
additionally contain temperature-sensitive species which limit the temperature
budget in processing. The maximum safe temperature can be as low as 37 ◦C
for sensitive or biological materials. This temperature limit has, in previous wafer
level liquid-integration schemes [108–113], restricted the sealing method to a room-
temperature polymer process, instead of a more hermetic sealing method utilizing
ceramics, glasses and metals. Two other methods for liquid sealing have utilized
parylene, either for deposition directly on a liquid droplet [114] or for collapsing
valves which seal the liquid cavity by stiction after drying of excess liquid [109, 115].

Since the diffusion distance through the seal of the package often is much
shorter than through the bulk of the package, the seal material type has a greater
impact than the bulk material type on the hermeticity of the package. Compared
to more established sealing materials such as glasses and metals, polymers are
typically several orders of magnitude more permeable to moisture [116]. This high
permeability makes polymers unsuitable as seal material for hermetic packaging.
To address this, packaging by embossing gold rings into gold [117] and gold cold
welding [118] has been shown. Gold has been the preferred metal due to its high
ductility. However, both these methods require additional mechanical stabilization
by polymers after sealing. Liquid filling of the cavity during bonding can also
be difficult. Two options for fillings exist: serial pipetting and liquid immersion.
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Figure 2.26: Hermetic sealing concept for the integration of liquids: a) One or several access
ports that lead to a liquid-filled cavity are sealed by b) placing a Au ball bump centered on each
access port. A reliable metal/metal welding joint between the Au ball bump and the Au top
surface of the device creates a hermetic seal of the access port.
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Immersion is useful for single-phase, non-fouling and inexpensive liquids, where
additionally adhesive bonding and sealing has been shown in the submerged
state [108, 110] (Paper 2).

Ball bumping technology is utilized for a novel concept for the hermetic
integration of liquids. As illustrated in Figure 2.26, the concept is based on the
hermetic sealing of access ports or inlets that lead to a liquid-filled cavity. First, the
cavities including access ports are fabricated on wafer-scale using standard MEMS
processing such as DRIE and anodic wafer bonding. Then the cavities are either
filled in parallel by submerging the wafer using a vacuum chamber or individually
filled by automated pipetting of each cavity. The actual sealing of the cavities
is performed at room-temperature by an ultrasonic-based ball pumping process.
Finally the cavities are diced. This process implementation uses exclusively low-
temperature processes after the cavities have been filled with liquid, which allows
for the integration of temperature-sensitive fluids, e.g. drugs etc.

Device 1 Device 3Device 2 Device 4

Step 1
Step 2

Step 3

Step 4

Liquid Liquid Liquid Liquid

Force &

Ultrasonics

Electrical
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Figure 2.27: Illustration of the wire bond vacuum sealing process. A gold ball is formed by an
electrical discharge, the ball is bonded to the substrate by force and ultrasonic energy applied by
the bond capillary and the wire is sheared of by a horizontal motion of the bond capillary, yielding
a sealed device.

The fabrication of the cavities, shown in Figure 2.27, utilizes standard MEMS
processing technology and is based on 100 mm silicon and borofloat® substrates.
First, the cavities are KOH-etched on the back-side of the silicon substrate using
a SiO2 hardmask. After stripping the SiO2 hardmask, the silicon substrate is
anodically bonded to a borofloat® substrate. Access ports are then etched from
the front-side of the silicon wafer by DRIE. A TiW/Au layer is sputter-deposited
and serves as a bond surface for the sealing. The cavity wafer is then filled with
a liquid and sealed by ball bumping, as illustrated in detail in Figure 2.27. A
wafer-level process could be implemented with the fully automated wire bonding
tool used, model ESEC 3100+, as shown in Figure 2.28 a. Even though the
bondable area of this tool is limited to 52 × 70 mm2 a full wafer process could
be implemented by manually moving the wafer on the chuck of the machine. As
described in section 2.1.1, special bumping tools for full wafer applications exist
and are considered to be most suitable for an industrial use of the proposed sealing
technology.
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a) b)

Figure 2.28: a) Photograph of the wire bonding tool with a 100 mm cavity wafer. b) Cavities
filled with red-dyed water, seen from the glass side. The empty cavity was not filled since the
access holes were insufficiently deep etched. The dimensions of the cavities are 11 × 11 × 0.4 mm3.

The result of the wafer level cavity filling is shown in Figure 2.28 b. Two access
ports with a diameter of 20 µm were sufficient to completely fill a cavity with
liquid. In Figure 2.29 a, an SEM image of a plugged hole and, for comparison, a
non-plugged access port with a diameter of 37 µm is shown. The used free air ball
size of 75 µm proved to be sufficient to reliably place bumps on holes smaller than
42 µm in diameter. A SEM image of a cross-section of a sealed access port is shown
in Figure 2.29 b. It reveals that a significant amount of gold was pushed inside the
hole during the bonding process.

a) b)

Access Port

Gold Stud
Bump

Epoxy
Mold

Figure 2.29: a) SEM image of two fluidic access ports, with and without a wire-bonded plug.
The hole diameter is 37 µm. b) Cross-sectional view of a wire-bonded plug in 30 µm diameter
fluid access port. The chip was embedded in a polymer matrix and polished until the access port
was reached.

In order to provide long-term hermeticity measurements, six water-filled and
sealed devices were stored at 90 ◦C for two months while the mass of the devices
was monitored regularly. At that temperature, the internal cavity overpressure was
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0.6 bar. The overpressure was calculated in the same manner as for the burst test
described in the next paragraph. Figure 2.30 shows that one of the devices leaked,
while the other five devices only showed noise from the measurement. The location
of the leak is not known, but it is likely at the plugged port since the gold seal at
this point is 100 times narrower compared to the anodic bond, which is yet another
possible leak location. The three possible causes for leaking ports are: (1) bond
to port misalignment, (2) no bond between plug and substrate and (3) insufficient
amount of gold (Paper 2). Details concerning fabrication and measurements can
be found in Paper 2.
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Figure 2.30: The cavity water volume for six different samples over 54 days of storage at 90 ◦C.
One of the samples with two 35 µm diameter ports leaked, while the other five samples had no
liquid loss (Paper 2).

2.3.3 Room-temperature wafer-level vacuum sealing

There is a need for low-cost and reliable vacuum encapsulation processes for
a wide range of MEMS devices, such as infrared sensors, accelerometers and
gyroscopes [119]. For sensitive devices, sealing at room temperature can be vital.
In addition, the low temperature can reduce out-gassing from surfaces which in
turn will reduce the need for getters, necessary to obtain low vacuum pressures.
Hermetic packaging at room temperature is challenging since few bonding methods
yield truly hermetic seals at room temperature. Reported methods include plasma
activated direct bonding [120] and local heating of sealing structures [121]. However,
these methods require certain material systems for the activation to function
or tailor-made and fairly complex sealing structures. Deformation and cold
welding of partly overlapping electroplated gold sealing rings between two wafers
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for room-temperature cavity formation and vacuum encapsulation has also been
demonstrated [118] (Paper 11).
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Figure 2.31: a) First, a wire bonded gold bump is placed partly overlapping the access port of a
cavity. (b) Second, the bump is compressed in a vacuum atmosphere, causing plastic deformation
and a flow of the bump material into the access port, thereby clogging the port and sealing the
cavity.

In order to address the need for reliable vacuum encapsulation processes, the
hermetic sealing concept for liquid-filled cavities, described in section 2.3.2, has
been adapted for the realization of vacuum cavities. As ball bumping cannot
be performed in vacuum per se, this technique has been combined with a low-
temperature deformation of gold bumps, a process called coining, where wire
bonded gold bumps are plastically deformed in order to both make the top surface
flat and to achieve a predetermined bump height. This process was originally
introduced in order to increase the electrical and mechanical reliability of stud
bumps used in flip chip packaging [15]. As illustrated in Figure 2.31 a, in ambient
pressure, a ball bump is bonded slightly off-centered on an access port that leads
to a vacuum cavity. That way the cavity is not sealed yet and can be evacuated.
The cavity is then evacuated and after reaching a desired pressure the ball bump
is coined and thereby the access ports are sealed through the material deformation
of the ball bump, as illustrated in Figure 2.31 b.

Figure 2.32 shows the fabrication scheme for the vacuum encapsulation pro-
cesses. Similar cavities as described in section 2.3.2 are fabricated for that purpose.
Wafer-level ball bumping is performed with slightly off-centered placement as shown
in Figure 2.32 a and 2.33 a. The cavity wafer was finally transferred to a substrate
bonder where the cavities were batch sealed by coining the bumps in a vacuum
environment. Therefore, an oxidized silicon substrate was placed on top of the
cavity wafer in order to ensure a flat and evenly distributed compression of the
bumps over the entire wafer area. The wafer stack is placed in the substrate bond
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chamber and after pumping to a vacuum pressure of 5 · 10−6 mbar, the wafer stack
was compressed with a total force of 3.5 kN from the bond tool as indicated in
Figure 2.32 b. This bond force corresponds to a force per bump of 9 N. The entire
compression process was performed with the bond chucks at room temperature.
As indicated in Figure 2.32 c, the pressure difference between the cavity and the
ambient pressure causes a bending of the silicon membrane.

1. Flame Off

2. Bump Bond

Vacuum

Atmospheric Pressure

3.5 kN

Vacuum chamber

Dummy Si Wafer

b) c)a)

to vacuum pump

Chuck

Figure 2.32: a) 1.) In the wire bonder, an electrical discharge locally melts the gold wire and
forms a sphere at the end of the wire. 2.) The gold bump is bonded with an offset in order to
not fully cover and clog the access port. b) A polished Si wafer is placed on the bumps and the
stack is placed in a wafer bonder. At a chamber pressure of 10−5 mbar a bond force is applied,
pressing the bumps into the holes and hermetically sealing them. c) The difference between the
cavity pressure and the ambient pressure causes a bending of the silicon membrane.
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Figure 2.33: (a) A gold bump prior to vacuum sealing. The bump has a diameter of
approximately 95 µm and a height of 50 µm. It is placed with an offset of 35 µm from the
center of the access port. b) A coined gold bump after the vacuum sealing. The height of the
bump is reduced to 15 µm. c) Cross sectional view of a sealed access port. The cross section was
made by grinding and polishing.

Figure 2.34 shows an optical profilometer measurement of the membrane
deflection of a single cavity that is caused by the pressure difference between
the cavity and the ambient pressure. For a longer term leak rate evaluation, the
deflection of the membranes suspended over the vacuum cavities was monitored over
30 days. These measurements yielded the membrane deflection at the center of the
membrane, which is directly proportional to the pressure over the membrane. The
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Figure 2.34: Profilometric image of a single vacuum-sealed cavity with 80 access ports (bright
spots). The zero-level corresponds to the undeflected substrate surface.

detection limit of this measurement method is approximately 9 · 10−11 mbarl/s.
With that method, there was no leak detectable during the measurement period of
30 days. A residual gas analysis (RGA) of a sealed cavity with 80 access ports after
the entire packaging procedure was performed in order to evaluate the vacuum level
inside the cavity. The RGA measurement revealed a vacuum level inside the cavity
of 8.2 · 10−4 mbar and an extrapolated leak rate of 2.9 · 10−14 mbarl/s (Paper 11).
More details concerning fabrication and characterization can be found in Paper 11.

2.3.4 Wafer-level integration of Shape Memory Alloy wires
Shape memory alloys (SMAs), are very attractive actuator materials for microelec-
tromechanical system (MEMS) applications, especially when high forces and large
displacements are desired. At the microscale, the work density of SMA materials
is at least one order of magnitude higher than other actuation mechanisms, such
as electrostatic, piezoelectric and magnetic actuation [122]. Traditionally there are
mainly two ways of integrating SMA materials into microsystems. Most common
are sputter deposition and thermal evaporation of thin SMA films directly onto
the microstructure [122]. These methods enable wafer level processing. However,
because of difficult deposition control, the process is limited with respect to
the achievable layer thickness and reproducibility of transformation temperatures
and strains [123]. The second approach for the integration of SMA wires into
microsystems is to use bulk SMA materials. The MEMS structures and the SMA
material are first fabricated separately and then combined at device level by a pick
and place approach [124]. Bulk SMA materials are commercially available in a
wide thickness range; at comparably low material cost, but integration on a per
device level results in high assembly cost. Recently, wafer level heterogeneous
integration processes [125] for bulk SMA sheets using both adhesive [126] and
Au-Si eutectic bonding [127] have been presented for the creation of actuators
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and microvalves. Also wafer level integration processes for SMA wires have been
presented for the creation of high performance actuators, using both polymers [128]
and Ni-electroplating [129] for attaching the wires to the substrates. However, these
wire integration approaches suffer from a number of problems and disadvantages.
Firstly, a dedicated frame is needed to hold the SMA wires in place and placement
of the wires in the frame is performed by hand. Secondly the frame with the wires
needs to be manually aligned to a pre-processed silicon wafer under a microscope
(Paper 3).

Wire bonding technology is ideal to replace the manual alignment and at-
tachment of the wires in the aforementioned concept. However, as described
in section 2.1.1, standard wire bonding technique is limited to certain material
combinations in order to realize a reliable weld between the wire and the
metallization on the substrate. The hardness of the used wire material has an
important impact on the bondabilty and the reliability of the welding joint. It is
known that material failures, such as cratering, are more likely to occur for hard
wire materials [10, 11]. Therefore, standard wire bonding is typically based on
welding soft wire materials to other soft or, in rare cases, to hard metal pad surfaces.
Table 2.3 lists the Vickers hardness of standard bond materials and NiTi SMA wires.
The excessive Vickers hardness of NiTi, which is one order of magnitude higher as
compared to Au, makes direct wire bonding of NiTi SMA wires not feasible using
traditional ball/stitch or wedge/wedge bonding techniques.

Table 2.3: Vickers HardnessHV of standard metals used for wire bonding such as gold, aluminum
and copper. Platinum, palladium, nickel and silver wires are known to be bondable as well. Wire
bonding has not been demonstrated for equiatomic NiTi shape memory alloys (SMA) due to the
extreme hardness of the material class.

Material HV [MPa]
Au 245 [82]
Al 147 [82]
Cu 490 [82]
Pd 362 − 1030 [82]
Pt 392 [82]
Ni 981 [82]
Ag 245 [82]
NiTi (SMA) 2000 − 2300 [130]

A novel and generic method for the integration of very hard and hence non-
bondable wire materials has been developed in this thesis work. This approach is
demonstrated with NiTi SMA wires, which are commercially available in a wide
range of thicknesses from 25 µm to 500 µm [131]. The proposed method utilizes
a conventional and unmodified wire bonding tool. However, the attachment of
the wire to the substrate is not realized by traditional means of wire bonding (i.e.
metal/metal-welding). Instead, the wire is mechanically fixated and clamped by
micromachined silicon structures.
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Figure 2.35: Illustration of the mechanical fixation structures used for anchoring (a) and
clamping (b) of a wire. c) The wire is integrated with the help of a regular wire bonding tool.
The wire is anchored with the help of the free air ball (FAB) at one end and then fixated by a
clamp structure at the other end.

Figure 2.35 illustrates the novel wire integration scheme. The free air ball (FAB)
acts as an anchor that is attached to a deep- and underetched silicon structure
using a wire bonding tool. As illustrated in Figure 2.35 a, the anchoring structure
consists of two features, which are a landing zone and the actual tapered fixation
structure. The bond tool lowers the free air ball above the landing zone until it
touches the ground, it then moves laterally towards the tapered fixation structure
(Figure 2.35 c, step 1). This fixation structure self-centers and fixates the free
air ball due to its in-plane tapered and underetched features. The tool moves
then towards the second attachment position (Figure 2.35 c, step 2) where the
wire is fixated by a clamp structure, which also is a deep- and underetched silicon
structure, as illustrated in Figure 2.35 b. The wire bonding tool pushes the wire
with a defined force into the clamp without deforming the wire, as indicated in
Figure 2.35 c, step 3. Finally, the wire is truncated by applying a high force and
ultrasonic energy. The attachment of the wire to the substrates with the help of the
anchor and clamp structures is purely mechanical. This novel attachment technique
is performed in room-temperature conditions, which is essential in order not to
trigger the SMA effect for applications using prestrained SMA wires (Paper 3).
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Figure 2.36: a) SEM image of the anchor structure with an anchored SMA wire. The inset shows
a magnified view on the tapered design of the anchor. b) SEM image of a clamping structure
with a clamped SMA wire. The inset is a tilted view on the deep etched cantilevers of the clamp
structures.

A proof-of-concept of the wire bonder assisted integration of NiTi SMA wires
to 100 mm Si substrates was successfully demonstrated. Anchoring and clamping
structures, shown in Figure 2.36, for the fixation of SMA wires structures have been
fabricated by a dedicated DRIE process. Even though the wire has been integrated
with the help of a manual wire bonder, an excellent placement accuracy could be
achieved. The in-plane placement accuracy of the wires on a wafer is within 14 µm
over a length of 75 mm and the mechanical fixation strength of the anchoring and
clamping structures is higher than the ultimate strength of the NiTi wire.

T = 70°C

T = 90°C
20 mm

a)

b)

c)

Figure 2.37: Actuation demonstrator: a) drawing of a cross-section, the red dashed outline
represents the chip in a hot state. b) image of an slightly actuated device on a hotplate with a
temperature of 70 ◦C. c) device with increased actuation at 90 ◦C (Paper 3).
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In order to verify the mechanical stability of the presented wire fixation
approach, two 75 mm long SMA wires have been integrated in parallel on a silicon
chip with a size of 2 mm × 100 mm. The energy input is provided indirectly by a
hotplate on which the actuator is fixed on one side to enhance the thermal contact.
Figure 2.37 a illustrates the cross-section of the actuator both in actuated and idle
positions. Figure 2.37 b depicts the actuator in a semi and Figure 2.37 c in fully
actuated state. This demonstrates that both SMA wire fixation elements withstand
the forces that are generated by the SMA wires.

This wire integration approach is generic and has the potential to be applied
not only to SMAs for actuator applications but also to other non-bondable wire
materials such as steel or titanium, and even optical fibers. The presented
manual integration approach can potentially be implemented on fully automated
wire bonding tools in order to increase reliability and throughput. With highly
efficient conventional wire bonding tools broadly available, this novel mechanical
fixation approach lowers the barriers for a wider use of unconventional wire
materials in MEMS applications. Detailed information concerning fabrication and
characterization of the anchoring and clamping structures can be found in Paper 3.

2.4 Discussion and outlook

The results that are presented in this chapter demonstrate that the integration of
bulk wire materials is feasible for a multitude of applications. The integration of
microwires proves to be an attractive alternative to conventional plating processes
that suffer from limited material choice, difficult controllability, long process times
and issues connected to void formation. Conventional plating techniques used
in IC and MEMS processing is not suitable for applications that require highly
functionalized metal alloys with a precise material composition and crystalline
structure (e.g. SMA). However, these highly specialized materials are besides a
great variety of inherently void-free standard bulk wire materials, including high-
purity metals and alloys, commercially available.

This work follows the ongoing paradigm shift that is moving wire bonding
technology from the back-end to the front-end in MEMS and IC fabrication. It
shows that wire bonding must not merely serve the purpose of creating electrical
interconnections but that this technology can be utilized very efficiently in a
multitude of novel and existing applications.



Chapter 3

3D Heterogeneous Integration
Based on Layer Transfer

This chapter deals with two 3D heterogenous integration approaches that are
based on layer transfer techniques. First, a brief introduction to 3D heterogenous
integration techniques within the scope of this thesis is given. In the second section,
a via-last integration process for the fabrication of bolometer arrays for thermal
imaging is presented. The third section deals with a via-first integration process
for the fabrication of pressure sensors based on graphene diaphragms.

3.1 Introduction

A system on a chip (SoC) is a semiconductor-based device where different
functionalities are embedded on a single chip. This integration approach, also
known as ”monolithic integration”, combines different functions such as digital,
analog, mixed-signal, RF, actuators and sensors that are based on different
fabrication technologies. SoCs are typically characterized by high performance,
very compact footprints and relatively low cost. However, this approach suffers
from a limited design flexibility and, due to constraints in terms of temperature
budget, contamination and a very limited choice of compatible materials that
can be used in CMOS processing. This is in particular a disadvantage for SoCs
with embedded actuator and sensor systems, that require often highly specialized
materials including germanium, III–V materials, piezoelectric materials, shape
memory alloys (SMAs) or layers of monocrystalline silicon [125].

Heterogeneous integration technologies combine the advantages of monolithic
and chip-level hybrid integration technologies and allow the manufacturing of SoCs
that cannot be fabricated by conventional micromanufacturing techniques. Layer-
based heterogeneous 3D integration on chip and wafer level for MEMS and NEMS
can be categorized in:

43
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1. Via-first (or anchor-first) processes, as illustrated in Figure 3.1 a

2. Via-last (or anchor-last) processes, as illustrated in Figure 3.1 b

In heterogeneous integration using via-first processes, the vias establishing
mechanical and electrical contacts between components on the different substrates
are defined during the bonding process. Conversely, in heterogeneous integration
using via-last processes the components are first bonded to each other, then the
vias establishing mechanical and electrical contacts between the components on the
different substrates are defined.

b) Via-Last Process
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Figure 3.1: Example of heterogeneous 3D integration using a (a) via-first and (b) via-last process.

Both, via-first and via-last heterogeneous 3D integration approaches are
used in volume-manufactured commercially available devices. Very mature via-
first heterogeneous 3D integration platforms are currently used e.g. for the
manufacturing of gyroscopes by InvenSense, Inc (USA). Here, parts of the MEMS
sensor package are pre-fabricated together on one wafer and subsequently bonded
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to the CMOS IC wafer [125, 132, 133]. Other via-last implementation include micro
mirror arrays [134] and atomic force microscope (AFM) tip arrays [135].

A commercially available via-last heterogeneous 3D integration platform,
suitable for the fabrication of IC-integrated MEMS devices such as inertial sensors,
has been presented by semiconductor foundry TSMC, Ltd (Taiwan) [136]. Other
demonstrations of via-last heterogeneous integration technologies for MEMS and
NEMS include infrared bolometer arrays [137–143], arrays of tilting and piston-type
micro-mirrors [143–147], micro-pirani vacuum gauges [148], RF MEMS [136, 149]
and other devices [125]. For most of these applications, adhesive wafer bonding has
been used for joining MEMS and IC wafers.

Wafer level heterogeneous 3D integration approaches are attractive and cost-
efficient if the components on both wafers have a similar manufacturing yield
and more importantly identical wafer sizes. For applications with a substantial
difference of the size of the dies or wafers, device distribution processes such as
pick-and-place or modified heterogeneous integration schemes are used. Device
distribution processes have been used for a variety of applications [125] and include
wafer-to-wafer selective component distribution known as microdevice distribution
(MD) technology [150–153], chip-to-wafer pick-and-place technologies [154, 155],
the use of expandable handle substrates [156, 157] and chip-to-wafer self-assembly
techniques [83, 84, 158–160].

3.2 Via-last integration of monocrystalline SiGe for
infrared bolometers

The detection of infrared (IR) radiation is an integral part of a vast number
of applications in fields ranging from medical, industrial, consumer, security to
space. Detectors for IR radiation are categorized as either thermal or photon
detection principles and are based on a variety of physical effects and detector
materials. Photon detectors are typically made of semiconductor materials and are
characterized by very fast response times and high wavelength selectivity. However,
photon detectors require typically cryogenic cooling for their operation. Thermal
detectors are based on materials that absorb IR radiation and thereby change their
physical properties in a measurable way. These detectors can be operated at room
temperature and have less wavelength selectivity, however, exhibit comparatively
slow response times [161, 162].

For thermal imaging or IR thermography, light is coupled to 2D arrays of IR
detectors where each pixel corresponds to a thermal detector. These thermal
imaging sensors are used in applications such as industrial process control [163–
165], predictive maintenance for mechanical and electrical equipment [163], building
maintenance [163], surveillance [163], person counting and tracking [163, 166],
firefighting [163] and automotive night-vision [139, 163, 167] (Paper 10). Due
to the comparably high cost and complexity of cryogenically cooled detectors,
the majority of today’s commercially available IR imaging systems are based on
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uncooled bolometer focal plane array (FPA) detectors. The detection principle of
bolometers is a change in the electrical conductivity of an IR-absorbing thermistor
material. The change of conductivity of each thermistor pixel is measured and
digitalized by CMOS-based read-out integrated circuits (ROICs).

Commercially available uncooled IR bolometer arrays have resolutions of up
to 640 × 480 pixels and pixel pitches down to 17 µm [168]. The thermistor
material of these bolometer arrays consist of either vanadium oxide (VOx) [169]
(e.g. Flir Systems Inc., USA and BAE Systems Inc., UK) or amorphous silicon (a-
Si) [170] (e.g. Ulis, France). In both cases, the bolometer material is monolithically
integrated to CMOS-based ROIC wafers. The direct deposition of thermistor
material on CMOS wafers has a limited temperature budget of approximately
400 − 450 ◦C (Paper 10). A variety of attractive thermistor materials improved
characteristics exist but require elevated deposition temperatures that do not allow
a direct deposition and monolithic CMOS integration.

3.2.1 Wafer-level integration of monocrystalline SiGe
In this work, Si/SiGe quantum well material is used as bolometer thermistor.
SiGe is an attractive thermistor material due to its high temperature coefficient
of electrical resistance (TCR) and noise levels being several orders of magnitude
lower than for VOx and a-Si [171]. However, this material requires elevated
deposition temperatures that do not allow for a direct deposition and hence a
monolithic integration on CMOS circuitry. The Si/SiGe quantum well material is
grown epitaxially on silicon-on-insulator (SOI) wafers at temperatures above 600 ◦C
(Paper 18). The temperature coefficient of resistance of this material is controlled
by the concentration of Ge present in the SiGe quantum well layers and can reach
values of well above −3 %/K [171]. A high TCR of the thermistor material is
desired to obtain high bolometer sensitivities and low noise levels in the thermistor
material result in better signal-to-noise ratios [138, 140] (Paper 10).

A simplified overview of the very large scale heterogeneous via-last integration
process for fabricating the Si/SiGe bolometer structures is depicted in Figure 3.2.
As indicated in Figure 3.2 a, the wafer containing the thermistor material and the
read-out wafer have been manufactured separately and are fused in a full-wafer
adhesive bonding procedure (Figure 3.2 a). The handle wafer, including the buried
oxide layer is then removed by grinding and etching (Figure 3.2 c). As illustrated in
Figure 3.2 d, the thermistor pixels are then defined by a lithography and subsequent
etch. Via holes that serve as molds for the subsequent via deposition are then
defined in the bond polymer (Figure 3.2 e). As a final step the sacrificial bond
polymer is removed and the thermistor pixels are released (Figure 3.2 f).
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Figure 3.2: Via-last integration for uncooled infrared bolometer arrays: a) fabrication of ROIC
wafer and separate handle wafer with thermistor material b) adhesive wafer bonding c) thinning
of handle wafer d) bolometer definition e) via formation f) sacrificial etching of adhesive.

3.2.2 Uncooled infrared bolometer design
Within this work uncooled IR bolometer FPAs with pixel pitches down to 17 µm
have been manufactured and characterized. As illustrated in Figure 3.3 a and b,
each bolometer pixel consist of a free-standing thermistor membrane that is
thermally insulated from ROIC substrate and its surroundings. The two electrical
interconnections from the thermistor to the ROIC, i.e. leg structures, are designed
in way to minimize thermal conductivity. The leg structures are long with a
small cross-sectional area and consist of a very thin metallization for the electrical
connection and a structural material with lower thermal conductivity as compared
to the metal. The non-conductive structural material serves the purpose of a proper
mechanical support of the thermistor pixel. The leg structures lead to via structures
that are the vertical part of the electrical interconnect. Besides the purpose of an
electrical interconnect, the vias elevate the bolometer pixel by creating a stand-off
between the thermistor membrane and the substrate, which is of importance to
achieve a sufficient thermal insulation.



48 CHAPTER 3. 3D INTEGRATION BASED ON LAYER TRANSFER

a) b)
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Figure 3.3: a) Schematic view on a bolometer pixel. b) Cross-sectional view on a bolometer
pixel. Incoming IR radiation is absorbed by the thermistor. The resulting change in resistance is
measured by a read-out circuit.

3.2.3 Bolometer via structures
An electroless nickel plating process, which simplifies the integration process as
compared to electroplated vias, has been developed. Electroplated vias require a
seed-layer that is electrically connected to the plating setup. For the fabrication of
bolometer structures, the pads on the read-out wafers that serve as seed-layer have
to be short-circuited for that purpose. In a subsequent step, the short-circuited
pads have to be disconnected by a etching step [137]. This approach requires
additional demanding process steps that can be difficult to implement. In this
work, a new electroless plating process, which does not require interconnected seed-
layers, is investigated. This plating process uses plasma-activation of the plating
seed surfaces and was shown to be stable and yields plating vias with reduced
resistances.

a) b) c)

d) e)

Substrate Si3N4
Seed

Au/Ni

Polymer TiWVia Ni

Figure 3.4: Fabrication scheme for selective plating of nickel vias on Au and Ni seed-layers.
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The fabrication of Kelvin test structures is schematically depicted in Figure 3.4
and is based on an insulated substrate (e.g. oxidized silicon). The seed-layer
(either Ni or Au) is deposited and structured with the help of a lift-off process. A
thermosetting polymer is subsequently spun-on and hard-cured. A silicon nitride
layer acts as a hardmask for the etch of the via mold (Figure 3.4 a). The
silicon nitride layer is structured by stepper lithography and a standard dry etch.
The polymer of the via mold was anisotropically etched in an oxygen plasma
(Figure 3.4 b). For Au seed-layers, a surface-activation takes part in a mild
oxygen plasma. For Ni seed-layers, a wet acidic pre-treatment was performed
in order to remove the native oxide of the Ni seed-layer. The plating process
was conducted with a hydrophosphite-based electroless Ni plating solution, as
indicated in Figure 3.4 c. The top-metallization layer was deposited, as shown in
Figure 3.4 d, by sputtering with a prior sputter etch without breaking the vacuum
in order to remove the native oxide from the top-surface of the nickel via. A
final photolithography and a dry etch forms the structures of the top-metallization
(Figure 3.4 d). In order to be able to electrically probe both the seed-layer and
the top-metallization, the polymer was selectively removed by a second anisotropic
plasma etch (Figure 3.4 e) (Paper 16).

Ni viaMetallization

Seed-layer

Figure 3.5: SEM images of the Kelvin test structures. The close-up shows the gold seed-layer,
the square-shaped nickel via and the TiW-metallization on top of the polymer (Paper 16).

The electrical characterization of the plated Ni vias was performed with the
help of Kelvin test structures, depicted in Figure 3.5, a 4-point probe station and
a digital multimeter. The electrical charcterization was focused on square-shaped
3 µm-wide vias with a height of 1.5 µm. The total resistance of the vias on gold seed-
layers showed very low values (0.45 ± 0.13 Ω (3σ)), which are about seven times
lower as compared to similarly fabricated vias on nickel seed-layers (3.02 ± 1.81 Ω
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(3σ)). Also the variance of the measured total resistances was lower for vias on
gold seed-layers.

a) b)

c) d)

Figure 3.6: a) Free-etched 5×5 via test array (1.5 µm via diameter on Ni seed-layer) b) Free-
etched via with a minimum achievable diameter of approximately 0.5 µm, slightly overplated on Ni
seed-layer c) Free-etched 5×5 via test array (1.5 µm via diameter on Au seed-layer) d) Free-etched
via with a minimum achievable diameter of approximately 1.5 µm, on Au seed-layer

As depicted in Figure 3.6, the morphology of plated nickel structures varies,
depending to the used seed-layer material. Vias, which were grown on gold seed-
layers, as depicted in Figure 3.6 c and d, have a rougher surface topology than vias,
which were grown on nickel seed-layers, as shown in Figure 3.6 a and b. The plating
rate was in general higher and less controlled close to the edge of the structures,
that were plated on gold seed-layers. This effect has no impact on the electrical
functionality of the via but causes problems for small via pitches, where vias can be
short-circuited, as shown in Figure 3.6 c. The shape of the fabricated vias, whether
square or circular, had in general no impact on the electrical performance and the
material morphology. More information concerning the bolometer via experiments
can be found in Paper 16 and Paper 18.
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3.2.4 Bolometer leg structures

As indicated in section 3.2.2, the bolometer leg structures need to fulfill three
functions: an electrical connection of the thermistor to the read-out circuit, a
thermal decoupling of the thermistor from the surrounding and a structural support
of the free-standing bolometer pixel. Materials with low electrical resistivity
(e.g. metals) are excellent thermal conductors as the same mobile electrons which
participate in electrical conduction also take part in the transfer of heat. Therefore,
the bolometer legs consist of two materials, a conductive material (TiW) and non-
conductive structural material (Si3N4) as mechanical support for the bolometer
pixel. These two materials have different electrical, mechanical and thermal
properties. Hence, the CTE mismatch of these two materials causes a mechanical
deformation of the bolometer legs. Depending on the CTE αE , Young’s Modulus E
and the thickness t of the material the deformation results either in an upward or
downward bending, as illustrated in Figure 3.7 a. A common workaround in order
to prevent bending is to use symmetric material stacks [172] (t1=t3), as indicated
in Figure 3.7 b.

Si3N4: α1, E1, t1

TiW: α2, E2, t2

Si3N4: α1, E1, t1

TiW: α2, E2, t2

Si3N4: α1, E1, t3

a) b)

Figure 3.7: Simplified model of bolometer legs with a) two layers and b) three layers. Impact
on the bending have the mechanical properties of the used materials (Coefficient of Thermal
Expansion αE , Young’s Modulus E and material thickness t).

Figure 3.8: Tilted SEM image of bolometer leg structures consisting of symmetric triple stacks
that bend downwards and thereby create electrical and thermal short-circuits.
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In the bolometer fabrication, the lower Si3N4 layer of the leg stack was initially
deposited by PECVD at 300 ◦C on top of the adhesive bond polymer. Subsequently,
the TiW layer was sputter-deposited on the lower Si3N4 layer before the upper Si3N4
layer was deposited on the TiW layer. Even though identical Si3N4 layer thicknesses
have been deposited, the released leg structures showed stress-induced bending
downwards. Especially a bending downwards cannot be tolerated for the risk of
electrical and/or thermal short-circuits, as shown in Figure 3.8. The bending of the
leg structures is caused by a combination of stresses induced by different deposition
temperatures of the leg materials and internal stresses of the bond-adhesive on
which the leg stack is deposited (Paper 9).

In order to address this problem, asymmetric triple-stacks with slightly thicker
upper Si3N4 layers were fabricated. By changing t1 the bending of the bolometer
legs could be tuned. That way, straight legs or, as a precaution, legs that bend
slightly upwards could be manufactured, as depicted in Figure 3.9 b. Besides
other measures during the leg fabrication (see Paper 9 for details), all deposition
temperatures were harmonized to 100 ◦C.

a) b)

Figure 3.9: Tilted SEM images of bolometer leg test structures. a) Symmetric triple stacks bend
downwards b) Asymmetric triple stacks bend upwards.

a) b) c)

Figure 3.10: SEM images of bolometer leg structures: a) Leg structures consisting of symmetric
triple stacks bend downwards. b)-d) Straight leg structures consisting of optimized asymmetric
(t1=200 nm, t2=50 nm, t3=150 nm) triple stacks. The legs are 500 − 575 nm wide and 17 − 34 µm
long.
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Shown in Figure 3.10 a - c are uncooled IR bolometer FPAs with pixel pitches
down to 17 µm and sub-micron wide bolometer leg structures with excellent
electrical, thermal and mechanical properties. More details concerning fabrication
and characterization of the bolometer structures can be found in Paper 9 and 10.

3.3 Via-first integration of graphene monolayers for
pressure sensors

Most macroscopic and micromachined pressure sensors convert pressure to a motion
of a mechanical element, which can be transduced to an electrical signal. The
transducer elements are typically based on piezoresistive, capacitve, optical and
resonance effects. In addition, vacuum pressure sensors measure either the thermal
conductivity of the gas (Pirani gauge) or the rate of ionization of the gas (Ionization
gauge), which are both directly proportional to the pressure. Micromachined
pressure sensors are either based on the Pirani gauge principle or more commonly
on the deflection of a diaphragm due to an applied pressure (p1), as illustrated in
Figure 3.11 [173]. With respect to the used pressure reference (p2), three different
types of sensors exist:

• Absolute pressure sensor: Measurement relative to static vacuum pressure p2.

• Gauge pressure sensor: Measurement relative to ambient atmospheric pres-
sure p2.

• Differential pressure sensor: Measurement of the pressure difference between
two varying pressures p1 and p2.

p1 p2

Transducer

Diaphragm

p1 = p2 p1 > p2

Figure 3.11: Concept of a diaphragm-based pressure sensor. A pressure difference (p1, p2)
causes a deflection of the diaphragm. The deflection is proportional to the pressure difference and
can be measured with the help of a transducer.



54 CHAPTER 3. 3D INTEGRATION BASED ON LAYER TRANSFER

Micromachined diaphragms are fabricated either by bulk micromachined mono-
crystalline silicon or surface micromachined polycrystalline and amorphous thin
films including polysilicon, metals, and silicon nitride. The actual sensing element
can be integrated in the diaphragm material, e.g. ion implantation creates
piezoresistive Si strain gauges directly in Si diaphragms, or are externally situated,
e.g. capacitive parallel plate pressure sensors or optical interferometric sensors [173].
All micromachined diaphragm-based pressure sensors consist of a structural element
(i.e. diaphragm) and one or multiple transducer elements that require additional
process steps or external structures and components for their function. This
work deals with a micromachined gauge-type pressure sensor that consists of
a graphene diaphragm that fulfills both the function as structural element and
electromechanical transducer at the same time.

3.3.1 Chip-level integration of graphene monolayers
Monolayer graphene exhibits exceptional electric and mechanical properties, includ-
ing high carrier mobility [174, 175], high Young’s modulus of about 1 TPa [176],
stretchability of up to approximately 20% [177], strong adhesion to silicon dioxide
surfaces [178] and near impermeability for gases, including helium [179]. Therfore,
monolayer graphene is a very promising material for various applications (Paper 7).

MEMS Chip

a) b) c)

Pad Cavity

d) e) f)

Copper

Graphene Polymer

Copper

Graphene PolymerGraphene

SiO2

MEMS Chip MEMS Chip

Figure 3.12: Via-first integration for graphene-based pressure sensors: a) A monolayer of
graphene .

Single- and few-layer graphene is fabricated epitaxially by chemical vapour
deposition (CVD) of hydrocarbons on metal substrates or by thermal decomposition
of SiC [180]. CVD-based Graphene is typically grown at temperatures between
750 − 1000 ◦C [181] and is incompatible with CMOS processing. Therefore,
techniques for the transfer of commercially available CVD monolayer graphene films
on copper foils are being explored, as indicated in Figure 3.12 [182–186]. For the
layer transfer, a polymer is spin-coated on the graphene film (Figure 3.12 b) in order
to act as a mediator between the initial and the final substrate. Subsequently, the



3.3. VIA-FIRST INTEGRATION OF GRAPHENE MONOLAYERS 55

copper substrate is stripped by wet etching, as illustrated in Figure 3.12 c. After
a wet cleaning procedure, the graphene is brought into contact with the silicon
dioxide surface of the cavity chip of the pressure sensor (Figure 3.12 d/e). The
bond mechanism is based on van der Waals force but the exact mechanism that
causes the extraordinary strong adhesion of monolayer graphene to silicon dioxide
is not entirely understood yet [178]. The polymer is then stripped and the graphene
layer is patterned by a lithography and a plasma etch (Figure 3.12 f) (Paper 7).

3.3.2 Graphene-based pressure sensor
The graphene-based pressure sensor is depicted in Figure 3.13 and consists of four
metal pads intended for a 4-wire resistance measurement of the graphene membrane
that is suspended over a rectangular cavity. The sealing of the cavity with graphene
is performed at ambient atmospheric pressure and hence creates a gauge-type
pressure sensor. A pressure difference between the pressure in the cavity and the
outside pressure causes a deflection of the graphene diaphragm. Mechanical strain
in graphene changes the electronic band structure [187] creating a piezoresistive
effect. While graphene has been used as a piezoresistive strain gauge on silicon
nitride [188] and polymer membranes [189], it is feasible to use the graphene for
both diaphragm and electromechanical transduction simultaneously.

GoldGraphene

Silicon 

Dioxide

Silicon

Cavity

Wire Bond

a) b)

Figure 3.13: a) The graphene based pressure sensor consists of four gold metal pads on which
the graphene monolayer is suspended over a rectangular cavity with an area of 3 × 80 µm2 and a
depth of 650 nm b) SEM image of the packaged graphene diaphragm pressure sensor.

The pressure sensor chip is mounted into a ceramic package with open cavity and
interconnected by wire bonding, as depicted in Figure 3.13 b. For the evaluation, the
package was placed in a vacuum chamber with electrical feed-throughs for the 4-wire
resistance measurement. The devices show typical graphene field effect transistor-
like behavior. Pressure dependent measurements show that the suspended devices
function as pressure sensors. The sensors do not require a strain gauge and should
be scalable aggressively in size. Finally, the design and fabrication process is
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mainly compatible with silicon CMOS technology, making it relevant for future
industrial applications. Detailed information on fabrication and characterization of
the pressure sensor can be found in Paper 7.

3.4 Discussion and outlook

Novel materials, such as SiGe and Graphene, are very attractive due to their
high-performance and/or unique characteristics. However, the deposition of these
materials takes part at temperatures far above 400 ◦C and is therefore incompatible
with standard IC manufacturing or is for some cases simply technically not feasible.
The results that are presented in this chapter show that the integration based on
layer transfer is an effective approach in order to be able to make use of non-standard
materials. A separate manufacturing of these materials and an integration on pre-
manufactured devices is a powerful method for the realization of novel sensors and
actuators.



Chapter 4

3D Free-Form Patterning of Silicon

In this chapter a novel additive fabrication method for layer-by-layer printing of 3D
silicon micro- and nanostructures is described. This manufacturing method is based
on alternating steps of chemical vapor deposition of silicon and local implantation of
gallium (Ga+) ions by focused ion beam (FIB) writing and a final selective release
etch of the non-implanted silicon.

4.1 Introduction

Engineers and designers have been using 3D printers for more than a decade,
mostly to build prototypes quickly and cheaply before they embark on the expensive
business of tooling up a factory to produce in high volume. As 3D printers have very
recently become more capable and able to work with a broader range of materials,
the machines are increasingly being used to make final products. Using 3D printers
as production tools has become known in industry as ”additive manufacturing”,
in contrast to ”subtractive” methods as cutting, drilling and milling. Different
base technologies for 3D printings exist, including laser sintering, fused filament
fabrication, extrusion modeling, stereolithography and laminated object modeling.
Each technology is typically optimized for a certain material class, including
production-grade plastics, ceramics and metals. Various 3D printers in different
price classes ranging from consumer to professional production tools are available
from different suppliers.

Existing additive layer-by-layer manufacturing techniques include stereolithog-
raphy [190, 191], solid ground curing [190], selective laser sintering [190, 192],
3D inkjet printing [190], fused deposition modeling [190, 192–201] and laminated
object modeling [190, 202, 203]. In direct laser writing, solid ground curing and
stereolithography 3D, 3D polymer structures are fabricated by locally exposing a
photosensitive polymer to light, which allows subsequent selective dissolution of
the polymer [190, 191, 204–206]. In 3D inkjet printing and similar techniques,
3D structures are formed by printing functional inks, often in combination with
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supporting sacrificial inks that are subsequently selectively dissolved [190, 192].
Typical materials used in 3D inkjet printing include polymers, waxes and inks
filled with e.g. metal, carbon or ceramics. Laser-beam [195–197], focused ion-beam
(FIB) [198–200] electron-beam [198] and proton-beam [201] assisted deposition
are other techniques for additive fabrication of 3D structures. Focused ion-beam,
electron-beam and proton-beam assisted deposition methods can achieve structural
dimensions as small as a couple of tens of nm. However, the fabrication of
suspended Si structures has not been shown with these techniques. In [202, 207]
methods for the layer-by-layer fabrication of 3D polycrystalline Si structures with
dimensions below 1 µm using conventional semiconductor manufacturing processes
have been demonstrated. The applied processes are combinations of polycrystalline
Si deposition, SiO2 deposition, photolithography, reactive ion etching, chemical-
mechanical polishing (CMP) and selective etching of the sacrificial layer. These
approaches require a large number of different processing and photolithography
steps that cannot be easily automated. Transfer printing of pre-patterned Si
membranes (laminated object modeling) is another approach to realize 3D Si
structures with dimensions in the micrometer-range [203, 208]. It is however difficult
to efficiently automate these processes, and to achieve sub-micrometer alignment
accuracies during lamination of the pre-patterned membranes (Paper 5).

Silicon (Si) is a very attractive material for micro- and nanoscale devices due
to its excellent mechanical, optical and electrical properties [68]. Conventional
Si machining techniques, including lithography and Si etching, allow cost-efficient
implementation of simple suspended three dimensional Si structures. To implement
more complex 3D Si structures, elaborate process schemes involving a multitude
of different processes are required. The possibility for additive layer-by-layer
fabrication of arbitrarily shaped 3D Si structures could potentially provide a wealth
of opportunities for new types of nanophotonics, nano- and microelectromechanical
devices.

4.2 3D free-form patterning of silicon by ion implantation,
silicon deposition, and selective silicon etching

A novel additive fabrication method for the fabrication of 3D silicon micro- and
nanostructures has been developed. An iterative process of defining a pattern with
implanted gallium ions (Ga+) in a Si layer using FIB writing (Figure 4.1, steps
1 and 3) was used. This was followed by chemical vapor deposition of a Si layer
(Figure 4.1, step 2) and pattern definition in the deposited Si layer using FIB
writing. This process is repeated for as many layers as desired to define the Si
structures. A final wet etch releases the structures.

In order to estimate the required parameters for the ion implantation and Si
layer thicknesses, a simulation of the Ga+ ions implantation into Si using the TRIM
code [209] was performed. For successful layer-by-layer patterning, the thickness
of the deposited layers must match the implantation depth of the Ga+ ions. If
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Figure 4.1: The process scheme for 3D-patterning of arbitrarily shaped Si micro- and
nanostructures, using focused ion beam writing, Si deposition, and selective Si etching in KOH
(Paper 5).

the deposited layer is too thin, the Ga+ ions will penetrate through the layer and
implant the layer below. Figure 4.2 shows a TRIM simulation of the implantation
of an area dose of 10 pC/µm2 of Ga+ ions into Si, at ion energies in the range from
10 − 50 keV. The thickness of the layer that reaches a Ga+ dopant concentration
above 2.2 · 1019 cm−3, the threshold required for etch selectivity in KOH [210],
ranges from 29 nm at 10 keV to 85 nm at 50 keV. At 30 keV, the resulting Si
layer thickness in which the critical implantation dose is exceeded is about 60 nm,
as depicted in Figure 4.2. Furthermore, the simulation suggests that the critical
implantation dose is not reached in a few nanometre thick layer near the Si surface
(Paper 6).
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Figure 4.2: Simulation of the implantation of an area dose of 10 pC/µm2 of Ga+ ions into Si,
at ion energies in the range from 10 − 50 keV (Paper 6).
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In the ion implantation steps, an area dose of 10 pC/µm2 of Ga+ ions was
used, at an acceleration voltage of 30 kV, using a Nova 600 NanoLab from FEI (the
Netherlands). In the Si deposition, the layers were grown from a disilane (Si2H6)
precursor at a temperature of 635 ◦C, using an Epsilon 2000 single wafer epitaxy
tool from ASM International N.V. (the Netherlands). After the final implantation,
the wafers were treated with a rapid thermal anneal in an argon atmosphere at
650 ◦C. The structures were formed by a final etch in KOH. First, a 3 s dip in HF
was done to remove the native silicon oxide, and then the wafers were etched in at
room temperature. Finally, the wafers were cleaned and dried (Paper 6).

b)

20 μm

a)

Figure 4.3: SEM image of 2-layer structures, fabricated by two Ga+ ion implantation steps, and
one Si deposition step, followed by a final KOH release etch (Paper 5).

Layer 1

Layer 2

Layer 3

Substrate
a)

33 nm

65 nm

130 nm

b)

2 µm 300 nm

Figure 4.4: a) SEM image of 3-layer structures, fabricated by three Ga+ ion implantation steps,
and two Si deposition steps, followed by a final KOH release etch. b) SEM image of lines of widths
down to 33 nm, patterned in a deposited Si layer (Paper 5).

Based on that approach, Si structures consisting of two and three layers as well
as Si structures that determine the maximal resolution of the ion implantation,
were fabricated. It has been shown viable to fabricate 2-layer structures, as
depicted in Figure 4.3 a, including suspended beams, shown in Figure 4.3 b. 3-
layer structures are depicted in Figure 4.4 a, and line width test structures are
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shown in Figure 4.4 b. With used set of parameters for the ion implantation and
the Si deposition patterned lines with dimensions down to 33 nm were fabricated.

100 nm Intrinsic Si

Implanted Si

Deposited Si

Pt layer

Si wafer

a) c)

Deposited Si

Si wafer

Pt layer
Suspended

beam layer67 nm 37 nm

44 nm

b)

Figure 4.5: TEM cross sections at: a) the edge of the deposited and implanted beam layer; b)
the edge of platform implantation c) the suspended deposited and implanted beam layer (Paper 5)

.
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10 nm 2 nm-1

a) b)

Original

 wafer

surface

b c)

Figure 4.6: a) A TEM image of the cross section of the layer stack at the edge of the platform
implantation. b) An enlarged view of the interface between the original wafer surface and the
deposited and implanted layer. c) FFT analysis of a) (Paper 5).

Figure 4.5 shows a SEM image of a sample that has been prepared for
transmission electron microscope (TEM) imaging. The images depict a layer stack
along a suspended beam. The three Si layers visible in Figure 4.5 a are, from
bottom to top, the intrinsic Si of the substrate, the implanted platform layer,
and the grown and implanted beam layer. The platinum (Pt) protective layer
was deposited locally via a combination of electron beam and ion beam induced
deposition, during the TEM lamella preparation. By comparing, in Figure 4.5 a,
the surface level of the implanted platform region on the left to the level of the
original wafer surface protected under the deposited layer on the right, we find
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that no more than a few nm of implanted silicon is removed during the KOH etch.
Considering that 350 nm of non-implanted silicon is removed in the same etch step,
we observe an etch selectivity in our process of at least the order of 100:1 between
implanted and non-implanted regions. A slight under-etch of the deposited Si layer
is visible, most likely due to incomplete penetration of the Ga+ ions through the
layer. Figure 4.5 b shows the cross-section at the edge of the platform implantation
into the substrate. The thickness of the implanted layer in the platform area is
44 nm. The thickness of the layer deposited over the implanted platform region is
67 nm, and the thickness of the free-etched suspended layer deposited over the non-
implanted region is 37 nm. The thickness of the free-etched suspended layer agrees
reasonably well with the predictions of the TRIM simulation code. Figure 4.5 c
shows the suspended beam layer embedded in the platinum cover layer (Paper 5).

Figure 4.6 shows a high-resolution TEM image of the area indicated in
Figure 4.5 b, i.e., around the original wafer surface (shown in more detail in
Figure 4.6 b). Lattice fringes are clearly visible, indicating that both the implanted
layer of the wafer and the deposited layer are polycrystalline with grains smaller
than 10 nm. This is confirmed by the fast Fourier transform (FFT) analysis
shown in Figure 4.6 c. Amorphization of Si is a known result of FIB Ga+ ion
implantation [211] and the subsequent annealing steps have caused recrystallization
of the amorphized Si to a polycrystalline state (Paper 5).

4.3 Discussion and outlook

This chapter proposes a novel additive fabrication process for the manufacturing of
3D micro- and nanostructures. The technique is similar to popular 3D printing
approaches but uses silicon as a base material and offers high resolutions. It
may be possible to implement Si CVD and FIB writing as switched processes
in a single automated tool, which could enable 3D printing of silicon micro- and
nano- structures directly from CAD models. Thus, the proposed technology could
change and greatly simplify the fabrication of many MEMS, NEMS and Si photonic
devices, without requiring a fully equipped semiconductor cleanroom. This layer-
by-layer fabrication method is in principle also viable for the implementation of 3D
structures in semiconductors other than Si.



Chapter 5

Conclusions

This work proposes a number of novel fabrication and integration techniques that
enable the realization of innovative 3D micro- and nanodevices.

3D Heterogeneous Integration of Bulk Wire Materials

• A multitude of inherently void-free bulk wire materials, including standard
high-purity metals and highly specialized alloys, are commercially available.
For a wide spectrum of applications, the integration of microwires proves to
be an attractive alternative to conventional metal deposition techniques that
suffer from limited material choice, difficult controllability, long process times
and issues connected to void formation.

• A promising integration technique for at least partly ferromagnetic bulk wire
materials based on magnetic assembly has been developed. With that method,
the fabrication of through silicon vias with very high aspect ratios (>20:1)
and excellent electrical performance has been demonstrated.

• The paradigm that wire bonding merely serves the purpose of creating
electrical interconnections is shifting. This technology has the potential to
move from back-end to front-end processing for a multitude of MEMS and
IC applications. This has been successfully demonstrated on applications
including through silicon via fabrication, liquid and vacuum packaging and
microactuators.
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3D Heterogeneous Integration Based on Layer Transfer

• Promising novel materials can be incompatible with standard IC manu-
facturing due to elevated deposition temperatures and/or issues related to
contamination. An integration based on layer transfer proves to be an effective
and flexible method in order to be able to make use of non-standard materials.

• Layer transfer technology enables a CMOS process integration of SiGe, a high
performance thermistor material, for the manufacturing of uncooled infrared
bolometer imaging arrays. The integration of monolayer Graphene, a material
with unique and more than promising characteristics, has been demonstrated
on a gauge-type pressure sensor.

3D Free-Form Patterning of Silicon

• A straightforward method, similar to popular 3D printing techniques, for the
manufacturing of high resolution 3D silicon micro- and nanostructures has
been developed.

• The method is based on alternating steps of chemical vapor deposition of
silicon and local implantation of gallium ions by focused ion beam writing
and a final selectively release etch of the non-implanted silicon.

• 3D printing of silicon micro- and nanostructures directly from CAD models
could be realized by implementing CVD and FIB technology as switched
processes in a single automated tool. The proposed technology could change
and greatly simplify the fabrication of many MEMS, NEMS and Si photonic
devices, without requiring a fully equipped semiconductor cleanroom.



Summary of Appended Papers

Paper 1: Wire-bonded through-silicon vias with low capacitive substrate coupling

Three-dimensional integration of electronics and/or MEMS-based transducers
is an emerging technology that vertically interconnects stacked dies with
through-silicon vias (TSVs). They enable the realization of circuits with
shorter signal path lengths, smaller packages and lower parasitic capacitances,
which results in higher performance and lower costs. This paper presents a
novel technique for fabricating TSVs from bonded gold wires. The wires are
embedded in a polymer, which acts both as an electrical insulator, resulting
in low capacitive coupling toward the substrate and as a buffer for thermo-
mechanical stress.

Paper 2: Hermetic integration of liquids using high-speed stud bump bonding for
cavity sealing at the wafer level

This paper reports a novel room-temperature hermetic liquid sealing process
where the access ports of liquid-filled cavities are sealed with wire-bonded stud
bumps. This process enables liquids to be integrated at the fabrication stage.
Evaluation cavities were manufactured and used to investigate the mechanical
and hermetic properties of the seals. Measurements on the successfully sealed
structures show a helium leak rate of better than 10−10 mbarl/s, in addition
to a zero liquid loss over two months during storage near boiling temperature.
The bond strength of the plugs was similar to standard wire bonds on flat
surfaces.

Paper 3: Wire-bonder-assisted integration of non-bondable SMA wires into
MEMS substrates

This paper reports on a novel technique for the integration of NiTi shape
memory alloy wires and other non-bondable wire materials into silicon-based
microelectromechanical system structures using a standard wire-bonding tool.
The efficient placement and alignment functions of the wire-bonding tool
are used to mechanically attach the wire to deep-etched silicon anchoring
and clamping structures. This approach enables a reliable and accurate
integration of wire materials that cannot be wire bonded by traditional means.
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Paper 4: 3D free-form patterning of silicon by ion implantation, silicon
deposition, and selective silicon etching
A method for additive layer-by-layer fabrication of arbitrarily shaped 3D
silicon micro- and nanostructures is reported. The fabrication is based on
alternating steps of chemical vapor deposition of silicon and local implantation
of gallium ions by focused ion beam (FIB) writing. In a final step, the
defined 3D structures are formed by etching the silicon in potassium hydroxide
(KOH), in which the local ion implantation provides the etching selectivity.
The method is demonstrated by fabricating 3D structures made of two and
three silicon layers, including suspended beams that are 40 nm thick, 500 nm
wide, and 4 µm long, and patterned lines that are 33 nm wide.

Paper 5: Very high aspect ratio through silicon vias (TSVs) fabricated using
automated magnetic assembly of nickel wires
Through-silicon via (TSV) technology enables 3D-integrated devices with
higher performance and lower cost as compared to 2D-integrated systems.
This is mainly due to smaller dimensions of the package and shorter internal
signal lengths with lower capacitive, resistive and inductive parasitics. This
paper presents a novel low-cost fabrication technique for metal-filled TSVs
with very high aspect ratios (>20). Nickel wires are placed in via holes of a
silicon wafer by an automated magnetic assembly process and are used as a
conductive path of the TSV. This metal filling technique enables the reliable
fabrication of through-wafer vias with very high aspect ratios and potentially
eliminates characteristic cost drivers in the TSV production such as advanced
metallization processes, wafer thinning and general issues

Paper 6: Process considerations for layer-by-layer 3D patterning of silicon, using
ion implantation, silicon deposition, and selective silicon etching
The authors study suitable process parameters, and the resulting pattern
formation, in additive layer-by-layer fabrication of arbitrarily shaped three-
dimensional (3D) silicon (Si) micro- and nanostructures. The layer-by-layer
fabrication process investigated is based on alternating steps of chemical vapor
deposition of Si and local implantation of gallium ions by focused ion beam
writing. In a final step, the defined 3D structures are formed by etching the
Si in potassium hydroxide, where the ion implantation provides the etching
selectivity.

Paper 7: Pressure sensors based on suspended graphene membranes
A novel pressure sensor based on a suspended graphene membrane is
proposed. The sensing mechanism is explained based on tight binding
calculations of strain-induced changes in the band structure. A CMOS
compatible fabrication process is proposed and used to fabricate prototypes.
Electrical measurement data demonstrates the feasibility of the approach,
which has the advantage of not requiring a separate strain gauge, i.e. the
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strain gauge is integral part of the pressure sensor membrane. Hence,
graphene membrane based pressure sensors can in principle be scaled quite
aggressively in size.

Paper 8: High aspect ratio through silicon vias (TSVs) for high-frequency
applications fabricated by automated magnetic assembly of gold-coated nickel
wires
In this paper we demonstrate a novel manufacturing technology for high
aspect ratio (> 6) vertical interconnects with superior figure of merits for
highfrequency applications. This novel approach is based on magnetic self-
assembly of pre- fabricated nickel wires that are subsequently insulated
with a thermosetting polymer. Superior high frequency performance is
achieved by depositing a gold layer on the outer surface of the nickel wires.
Using highly-conductive materials such as gold offers an improvement of the
electrical characteristics for many technologies like e.g. interposer, MEMS,
or millimeter wave applications. As compared to the conventional through
silicon via (TSV) designs, this novel concept offers a more compact design and
better control of the process parameters. Moreover, this fabrication concept
is adaptable to almost any kind of conductive via material which enables
tailor-made functionalizations for various different technologies and fields of
application.

Paper 9: Heterogeneous 3D integration of 17 µm pitch Si/SiGe quantum well
bolometer arrays for infrared imaging systems
This paper reports on the realization of 17 µm × 17 µm pitch bolometer arrays
for uncooled infrared imagers. Microbolometer arrays have been available in
primarily defense applications since the mid eighties and are typically based on
deposited thin films on top of CMOS wafers that are surface machined into
sensor pixels. This paper instead focuses on the heterogeneous integration
of monocrystalline Si/SiGe quantum well-based thermistor material in a
CMOS-compliant process using adhesive wafer bonding. The high quality
monocrystalline thermistor material opens up for potentially lower noise
compared to commercially available uncooled microbolometer arrays together
with a competitive temperature coefficient of resistance (TCR). Characterized
bolometers had a TCR of −2.9 %/K in vacuum while the bolometer designs
resulted in measured thermal conductances of around 5 · 10−8 W/K and
thermal time constants of around 5 ms, depending on design. Complications
in the fabrication of stress-free bolometer legs and low noise contacts are
discussed and analyzed.
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Paper 10: Very large scale heterogeneous integration (VLSHI) and wafer-level
vacuum packaging for infrared bolometer focal plane arrays
Imaging in the long wavelength infrared (LWIR) range from 8 − 14 µm
is an extremely useful tool for non-contact measurement and imaging
of temperature in many industrial, automotive and security applications.
However, the cost of the infrared (IR) imaging components has to be reduced
significantly to make IR imaging a viable technology for many cost-sensitive
applications. This paper demonstrates new and improved fabrication and
packaging technologies for next-generation IR imaging detectors based on
uncooled IR bolometer focal plane arrays. The proposed technologies include
very large scale heterogeneous integration for combining high-performance,
SiGe quantum-well bolometers with electronic integrated read-out circuits
and CMOS compatible wafer-level vacuum packing. The fabrication and
characterization of bolometers with a pitch of 25 µm × 25 µm that are
arranged on read-out-wafers in arrays with 320 × 240 pixels are presented.
The bolometers contain a multilayer quantum well SiGe thermistor with
a temperature coefficient of resistance of −3 %/K. The proposed CMOS
compatible wafer-level vacuum packaging technology uses Cu-Sn solid-liquid
interdiffusion (SLID) bonding. The presented technologies are suitable for
implementation in cost-efficient fabless business models and could bring
about the cost reduction needed to enable low-cost IR imaging products for
industrial, security and automotive applications.

Paper 11: Wafer-level vacuum sealing by coining of wire bonded gold bumps
This paper reports on the investigation of a novel room temperature vacuum
sealing process based on compressing wire bonded gold bumps placed partly
overlapping cavity access ports. The bump compression, which is done under
vacuum, causes a material flow into the access ports, hermetically sealing
a vacuum inside the ports. The sealed cavity pressure was measured by
residual gas analysis to 8 · 10−4 mbar two weeks after sealing, which can
be extrapolated to a cavity pressure of 2 · 10−2 mbar after one year. The
seals are found to be mechanically robust and easily processed by the use of
standard commercial tools and processes.
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