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Abstract

Three-dimensional (3D) integration of micro- and nano-electromechanical
systems (MEMS/NEMS) with integrated circuits (ICs) is an emerging tech-
nology that offers great advantages over conventional state-of-the-art micro-
electronics. MEMS and NEMS are most commonly employed as sensor and
actuator components that enable a vast array of functionalities typically not
attainable by conventional ICs. 3D integration of NEMS and ICs also con-
tributes to more compact device footprints, improves device performance, and
lowers the power consumption. Therefore, 3D integration of NEMS and ICs
has been proposed as a promising solution to the end of Moore’s law, i.e. the
slowing advancement of complementary metal-oxide-semiconductor (CMOS)
technology.

In this Ph.D. thesis, I propose a comprehensive fabrication methodology
for heterogeneous 3D integration of NEM devices directly on top of CMOS
circuits. In heterogeneous integration, the NEMS and CMOS components are
fully or partially fabricated on separate substrates and subsequently merged
into one. This enables process flexibility for the NEMS components while
maintaining full compatibility with standard CMOS fabrication.

The first part of this thesis presents an adhesive wafer bonding method
using ultra-thin intermediate bonding layers which is utilized for merging the
NEMS components with the CMOS substrate. In the second part, a novel
NEM switch concept is introduced and the performance of CMOS-integrated
NEM switch circuits for logic and computation applications is discussed. The
third part examines two different packaging approaches for integrated MEMS
and NEMS devices with either hermetic vacuum cavities or low-cost glass lids
for optical applications. Finally, a novel fabrication approach for through sili-
con vias (TSVs) by magnetic assembly is presented, which is used to establish
an electrical connection from the packaged devices to the outside world.

Keywords: Nano-electromechanical systems (NEMS), Micro-electromechani-
cal systems (MEMS), heterogeneous 3D integration, CMOS integration, More-
than-Moore (MtM), adhesive wafer bonding, NEM switch, FPGA, contact re-
liability, hermetic vacuum packaging, Cu low-temperature welding, through
silicon vias (TSVs), magnetic self-assembly

Simon J. Bleiker, bleiker@kth.se
Department of Micro and Nanosystems, School of Electrical Engineering,
KTH Royal Institute of Technology, SE 100 44 Stockholm, Sweden
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Sammanfattning

Tredimensionell (3D) integration av mikro- och nano-elektromekaniska
system (MEMS/NEMS) med integrerade kretsar (ICs) är en ny teknik som
erbjuder stora fördelar jämfört med konventionell mikroelektronik. MEMS
och NEMS används oftast som sensorer och aktuatorer då de möjliggör många
funktioner som inte kan uppnås med vanliga ICs.

3D-integration av NEMS och ICs bidrar även till mindre dimensioner, öka-
de prestanda och mindre energiförbrukning av elektriska komponenter. Den
nuvarande tekniken för complementary metal-oxide-semicondictor (CMOS)
närmar sig de fundamentala gränserna vilket drastiskt begränsar utvecklings-
möjligheten för mikroelektronik och medför slutet på Moores lag. Därför har
3D-integration identifierats som en lovande teknik för att kunna driva vidare
utvecklingen för framtidens elektriska komponenter.

I denna avhandling framläggs en omfattande fabrikationsmetodik för hete-
rogen 3D-integration av NEMS ovanpå CMOS-kretsar. Heterogen integration
betyder att både NEMS- och CMOS-komponenter byggs på separata substrat
för att sedan förenas på ett enda substrat. Denna teknik tillåter full process-
frihet för tillverkning av NEMS-komponenter och garanterar kompatibilitet
med standardiserade CMOS-fabrikationsprocesser.

I den första delen av avhandlingen beskrivs en metod för att sammanfoga
två halvledarskivor med en extremt tunn adhesiv polymer. Denna metod de-
monstreras för 3D-integration av NEMS- och CMOS-komponenter. Den andra
delen introducerar ett nytt koncept för NEM-switchar och dess användning i
NEM-switch-baserade mikrodatorchip. Den tredje delen presenterar två olika
inkapslingsmetoder för MEMS och NEMS. Den ena metoden fokuserar på
hermetisk vakuuminkapsling medan den andra metoden beskriver en lågkost-
nadsstrategi för inkapsling av optiska komponenter. Slutligen i den fjärde de-
len presenteras en ny fabrikationsteknik för så kallade ”through silicon vias”
(TSVs) baserad på magnetisk självmontering av nickeltråd på mikrometer-
skala.

Simon J. Bleiker, bleiker@kth.se
Avdelningen för Mikro- och Nanosystem, Skolan för Elektro- och Systemteknik,
Kungliga Tekniska Högskolan, 100 44 Stockholm, Sverige
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Objectives & Overview

Objectives

The aim of this Ph.D. project was to develop a comprehensive fabrication method-
ology for heterogeneous 3D integration of nano-electromechanical (NEM) switches
for mechanical computing and integration with complementary metal-oxide-semi-
conductor (CMOS) circuits. This includes fundamental integration processes such
as wafer bonding using ultra-thin layers, mechanical anchoring and electrical con-
nection of the switches to the underlying circuits, development of a CMOS-com-
patible integration process, as well as fabrication of the NEM switches themselves.

Additionally, packaging methods and TSV fabrication were studied which are
both crucial technologies to transform an unprotected circuit on a chip into a func-
tional, packaged device.

Structure of the Thesis

This thesis is divided into six chapters, each examining a separate aspect of 3D
integration and packaging of NEM devices. The first chapter starts with an in-
troduction to 3D integration of integrated circuits and provides a motivation for
the pursuit of this project. In the second chapter, a wafer bonding method is pro-
posed to integrate mono-crystalline silicon directly on CMOS by layer transfer using
ultra-thin intermediate bonding layers. The third chapter introduces a novel NEM
switch concept and discusses the performance of NEM logic circuits. Two different
packaging approaches for MEMS and NEMS devices are proposed in the fourth
chapter. In the fifth chapter, a novel TSV fabrication method is demonstrated, and
finally, an over-arching conclusion of this Ph.D. is drawn in the sixth chapter.

xiii





Chapter 1

Introduction & Motivation

This doctoral thesis examines different technologies that enable three-dimensional
(3D) integration of nano-electromechanical systems (NEMS) to create highly com-
pact, yet sophisticated devices with functionalities that exceed the limits of what is
possible with state-of-the-art micro-electronics. However, let’s start with address-
ing two fundamental questions: ”What is a nano-electromechanical system?” and
”What can NEMS contribute to the future of micro-electronics?”

NEMS are typically described as miniaturized devices that incorporate both
mechanical and electrical components. To classify as a NEMS device, the smallest
feature has to be smaller than 1 µm, i.e. in the nanometre-scale, which differentiates
them from so-calledmicro-electromechanical systems (MEMS) with a minimum fea-
ture size of larger than 1 µm. The most prevalent applications of MEMS and NEMS
devices are sensors with many successfully commercialized products such as pressure
sensors, accelerometers, and gyroscopes just to name a few. Furthermore, MEMS
and NEMS technology is also employed as mechanical actuators and as chemical
and fluidic microsystems, which are especially valuable for medical applications.

So, why is NEMS technology important for the future of micro-electronics? The
reason relates to the slowing progress of conventional integrated circuits (ICs), i.e.
the end of Moore’s Law [1]. Since the IC industry is approaching the fundamental
limits of how small complementary metal-oxide-semiconductor (CMOS) transistors
can get, alternative approaches have to be adopted to further enhance the per-
formance and functionality of micro-electronic devices. One promising approach
called More-than-Moore (MtM) paradigm [2] is to integrate MEMS and NEMS
components directly with CMOS circuits to incorporate additional functionalities
that standard ICs cannot provide, and thus, increase the device density without ac-
tually scaling the individual components. MEMS and NEMS technology is able to
provide a vast array of functionalities to integrated MtM devices, including sensors
and actuators of many different types, as well as NEM logic to improve the energy
efficiency of ICs, which is further explored in chapter 3 of this thesis.

The combination of MEMS and ICs is nothing new; however, the vast major-
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2 CHAPTER 1. INTRODUCTION & MOTIVATION

ity of commercialized devices was integrated using simple two-dimensional (2D)
approaches. So-called 2D system-in-package (SiP) integration entails two or more
different chips, e.g. MEMS and IC chips, that are fabricated individually on sepa-
rate substrates and then places side-by-side in a shared package to which they are
electrically connected using either flip-chip bonding or wire bonding, as illustrated
in Figure 1.1a. The 2D-SiP solution is very space-inefficient, which results in large
device footprints. An advantage of SiP approaches is that standard MEMS and IC
process technology can be used to fabricate the individual devices, which simplifies
the development and lowers the cost. More recently, 3D-SiP solutions have emerged
where different chips are stacked vertically to reduce the overall device footprint,
as shown in Figure 1.1b.

Printed circuit board (PCB)

SiP Substrate

IC MEMS

Cap

PCB

SiP Substrate
IC

MEMS

Cap

PCB

SiP Substrate

IC

MEMS

Cap

PCB

IC MEMS

Cap

PCB

IC

MEMSCap

a)

b)

c)

d)

Figure 1.1: Graphical overview of different integration schemes: a) 2D System-in-
Package (SiP) b) 3D SiP using wire bonding (left) and TSVs (right). c) System-on-Chip
(SoC): monolithic approach. d) SoC: 3D heterogeneous integration.

Even higher integration densities are only achievable if the NEMS and IC com-
ponents are integrated on a single chip, in a so-called system-on-chip (SoC). Fab-
ricating the NEMS and IC on the same substrate poses new challenges for the
process technology, but it allows for integration on wafer-level; thus, improving
the fabrication throughput. SoC integration can roughly be categorized into two
main approaches: monolithic [3, 4, 5], and heterogeneous [6, 7, 8, 9] integration,
as illustrated in Figure 1.1c and d, respectively. The distinction between the two
approaches is that for monolithic integration all fabrication steps occur on the same
substrate, while for heterogeneous integration the different components are fully or
partially fabricated on separate substrates and subsequently joined into one single
substrate. Heterogeneous 3D integration is further examined in chapter 2 and 3. A
comprehensive review of all the major MEMS and IC integration schemes has been
published in the course of my Ph.D. and is listed on page viii, number 9.



Chapter 2

Adhesive Transfer Bonding using
Ultra-Thin Layers

This chapter presents the advancements in the field of adhesive wafer bonding and
its application in 3D integration by layer transfer, that were made during my thesis
project.

The wafer bonding process developed in this work is based on using an ultra-
thin adhesive polymer layer to merge two substrates into one. The scientific con-
tribution described in the following sections entails the development of the first
full wafer-scale bonding process using sub 200 nm-thick intermediate adhesive lay-
ers. Furthermore, this wafer bonding process was utilized for the integration of
NEM switches, due to its high reliability and excellent release-etch capability. The
work presented in this chapter is described in more detail in the appended paper
number 7.

2.1 Introduction to heterogeneous 3D integration

As touched upon in chapter 1, 3D integration of NEMS and ICs can be achieved
through various approaches. SoC integration, in which the NEMS and IC com-
ponents are fabricated on a single chip, offers the highest integration density and
optimal device performance due to extremely short signal path lengths. As shown
in Figure 1.1c and d, there are two possible SoC integration approaches: mono-
lithic, and heterogeneous 3D integration. The main limitation in the case of mono-
lithic NEMS-on-CMOS integration is, that the NEM components are limited to
CMOS-compatible materials and a thermal budget of typically 6400 ◦C. There-
fore, high-performance NEMS materials that are deposited or grown at very high
temperatures, such as mono-crystalline silicon and III-V materials, cannot be used.
Heterogeneous 3D integration alleviates this limitation, since the two components
are fabricated separately, and thus, the thermal budget only has to be adhered to
after the final merging step.

3



4 CHAPTER 2. TRANSFER BONDING USING ULTRA-THIN LAYERS

But what does all this have to do with wafer bonding? Most heterogeneous 3D
integration methods rely on wafer bonding to join the different components after
their separate fabrication [10, 11, 7]. This process is called transfer bonding, since
the components on one substrate are transferred to another substrate. Transfer
bonding can be applied to fully fabricated structures, as well as unprocessed layers
of a specific material. In this work, transfer bonding has been utilized to integrate
mono-crystalline silicon layers on top of CMOS substrates. Especially devices such
as inertial sensors and resonators rely on the outstanding material properties pro-
vided by mono-crystalline silicon, including low internal stresses, perfect elastic
behaviour, and high quality factor (Q) [10].

2.1.1 Choosing the right bonding method

Heterogeneous 3D integration enables the utilization of structures and materi-
als that are fabricated at very high temperatures; however, the transfer bonding
method itself still has to comply with the restrictions of all involved components.
For CMOS integration for instance, this restricts the transfer bonding method to
below 400 ◦C. Therefore, bonding methods such as anodic bonding [12, 13], eutectic
bonding [14, 15, 16], and silicon fusion bonding [17, 18] are generally not compatible
with heterogeneous 3D integration involving CMOS circuits, since they rely on high
bonding temperatures or high voltages. More recently, low-temperature plasma ac-
tivated fusion bonding has been developed for CMOS integration [19, 20, 21]. The
disadvantage of fusion bonding is that it requires an extremely low surface rough-
ness, which increases the process complexity and potentially lowers the yield.

Further low-temperature bonding methods including thermocompression bond-
ing of gold or copper films [22, 23, 24, 25] and adhesive bonding [26] are also com-
patible with the thermal budget of CMOS circuits, however they typically employ
relatively thick intermediate bonding layers. For the heterogeneous 3D integration
developed during this Ph.D. project, adhesive bonding was chosen, since it offers
low processing temperatures and a great potential for down-scaling of the adhesive
layer thickness, as is further discussed in section 2.3.

2.2 Heterogeneous 3D integration by transfer bonding

The transfer bonding method presented in this section was developed for the hetero-
geneous 3D integration of NEM switches on top of a CMOS substrate. Its main
purpose is the transfer of a mono-crystalline silicon layer from a donor substrate
to the CMOS substrate. The NEM switches rely on high-performance, mono-
crystalline silicon for a reliable long-term operation without material fatigue. The
following sections aim to describe the transfer bonding process in detail and present
experimental results.
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2.2.1 Description of the transfer bonding process

The transfer bonding process, as depicted in Figure 2.1, is based on adhesive wafer
bonding of a silicon on insulator (SOI) wafer to a bottom substrate, in our case a
CMOS wafer. This process was developed on 4-inch substrates, however, there is no
fundamental restriction for up-scaling the wafer size. The first process step, shown
in Figure 2.1a, consists of spin-coating a 200 nm-thick layer of bonding polymer on
the bottom substrate. The bonding polymer used for this process is the mr-I 9020
XP thermosetting nano imprint resist by Micro-resist Technology, Germany, which
was chosen for its excellent bonding characteristics as well as mechanical, chemical,
and thermal stability up to 300 ◦C [27, 28]. Next, both wafer surfaces are cleaned
with a dry air gun and placed on top of one another such that the SOI silicon device
layer is facing the bonding polymer, as is illustrated in Figure 2.1b. The dry air
cleaning is performed to remove particles that could cause bonding defects if they
are trapped at the bond interface. Figure 2.1c shows the subsequent thermocom-
pression bonding step, which is performed in a CB8 Bonder manufactured by Suss
MicroTec, Germany. A bond force of 12 kN is applied, while the temperature is
ramped to 200 ◦C in 1 h, maintained at 200 ◦C for 50 min, and ramped back down
to 50 ◦C in 1 h, which fully cures the polymer adhesive. Finally, in Figure 2.1d, the
bulk silicon and buried oxide of the SOI wafer are removed by reactive ion etching
(RIE) and buffered hydrofluoric acid (BHF), respectively. The resulting sample
consists of the bottom substrate with a transferred layer of mono-crystalline sili-

SOI SiO2

Si

Bonding Polymer

Si

Bonding Polymer

Si

SOI

Pressure & Heat

12 kN 200 °C

Si

Si

Bulk Si + BOX Removal

a) b)

c) d)

Bottom Substrate

Bottom Substrate Bottom Substrate

Bottom Substrate

Bulk Si

Si Dry Air

Figure 2.1: Transfer bonding process: a) Spin-coating of 200 nm-thick polymer adhesive
layer on the bottom substrate. b) Dry air cleaning of both bond surfaces and placement of
an SOI wafer face down on top of the bottom substrate. c) Thermocompression bonding
by applying a force of 12 kN at a temperature of 200 ◦C for 50 min. d) Thinning of the
SOI wafer by removing the bulk Si using reactive ion etching (RIE) and the buried oxide
(BOX) using buffered hydrofluoric acid (BHF).



6 CHAPTER 2. TRANSFER BONDING USING ULTRA-THIN LAYERS

con resting on an ultra-thin bonding polymer layer, ready for further NEM device
processing.

2.2.2 Characterization of the bond results

The bond quality of the transfer bonding process, as described in Figure 2.1, was
evaluated by means of various experiments. All the bonding experiments were
performed on 4-inch wafers and with SOI device layer thicknesses ranging from
70 nm to 220 nm. At these small layer thicknesses, the silicon appears transparent
for the visible spectrum of light, and thus, allows for direct inspection of the bond
interface under an optical microscope. Figure 2.2 shows two of the bonded samples
after removal of the bulk silicon and buried oxide (BOX) layer. The bond defects,
highlighted by dashed circles, are caused by small particles trapped at the bond
interface. Only a small number of bond defects was detected, which results in an
excellent bonding yields of >97 % and >99 % of the total wafer area, respectively.
The discrepancy in yield for the two bonded samples stems from the fact that the
sample in Figure 2.2b was dry air cleaned before bonding, while the sample in
Figure 2.2a was not.

a) b)

Figure 2.2: Evaluation of the bond quality of two bonded samples with 205 nm-thick
transferred Si layers. The bond interface is visible through the thin Si layer. Bonding
defects are highlighted with dashed circles. a) shows >97 % yield. No dry air cleaning
applied. b) shows >99 % yield. Dry air cleaning was applied before bonding.

Further experiments were performed to evaluate the bond strength of the trans-
fer bonding method. A PC2400 shear tester by Nordson Dage, UK was used to mea-
sure a bonded test sample that was diced into 30 dies with an area of 4 mm × 4 mm
each. A resulting bond strength of 4.8 MPa was measured, which is considerably
higher than for previously reported thin film adhesives. Comparable adhesive bond-
ing polymers, such as parylene or polyimide, exhibit bond strengths in the range
of 1.5 MPa to 3.6 MPa [29, 30].
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2.3 Ultra-thin intermediate adhesive layers

Achieving transfer bonding with ultra-thin intermediate adhesive layers is crucial
for many heterogeneous 3D integration methods. Especially integration of NEMS
and photonic systems requires a very well-controllable intermediate layer with nm-
scale thickness to accurately define the separation between the transferred layer
and the bottom substrate. Ultra-thin intermediate layers offer extremely short
interconnecting vias between the NEM structures and the underlying circuits, which
improves device performance and increases the integration density. For integration
of III-V materials on top of silicon photonics, ultra-thin intermediate layers are
particularly important to achieve good optical coupling and thermal conductance
between the III-V materials and the underlying substrate [31, 32].

Currently, transfer bonding of III-V materials is most commonly performed by
low-temperature SiO2 direct bonding [33, 34, 35] or by adhesive bonding using
benzocyclobutene (BCB) [26, 36, 37, 38]. Unfortunately, while these methods do
offer ultra-thin intermediate bonding layers, they have only been reported for small
bonding areas, and are thus only suitable for chip-level integration [39, 40, 29].
Additionally, using BCB as an adhesive layer poses significant process limitations.
Fully cured BCB is extremely difficult to etch with good selectively towards common
semiconductor materials, which inhibits sacrificial release etching.

200 nm

O2 plasma 
release etch

Si

Figure 2.3: Sacrificial release etching of a sub 50 nm-thick transfer bonded Si layer. The
bonding polymer mr-I 9020 XP can be etched in O2 plasma with very high selectivity. The
free-standing Si layer shows no bending or delamination, which demonstrates a stress-free
bonding process.

The mr-I 9020 XP nano imprint resist that was utilized as intermediate bond-
ing layer in my thesis project resolves all of the above-mentioned shortcomings.
We presented the first ever full wafer-scale bonding process with sub 200 nm-thick
intermediate layers. Furthermore, the mr-I 9020 XP polymer can be removed by
a very simple and highly selective oxygen plasma etching step. This enables very
controllable sacrificial release etching of MEMS and NEMS structures without the
need for critical point drying. We demonstrate this capability in Figure 2.3 by
release etching a sub 50 nm-thick silicon layer after bonding. The free-standing
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silicon layer also shows that the bonding process does not introduce any stress in
the transferred layer.

2.3.1 Bonding layer uniformity
Special attention was given to the bonding layer thickness uniformity. For thin-film
bonding, a high bonding layer thickness uniformity is crucial to achieve good process
reliability on large areas, as we have demonstrated on 4-inch wafer-scale. A high
uniformity and precise control over the intermediate bonding layer is also important
as a design parameter for NEMS and photonic applications, where the correct
separation between the transferred layer and the bottom substrate is crucial for the
device operation. Examples of such devices include out-of-plane NEM sensors and
actuators, where the electrostatic gap is defined by the bonding layer thickness, or
photonic devices, where the bonding layer thickness is used to tune optical coupling
or resonance.

In order to quantify the bonding layer uniformity of our transfer bonding pro-
cess, cross-section samples of bonded wafers were prepared and measured by scan-
ning electron microscope (SEM) imaging, as depicted in Figure 2.4. The interme-
diate bonding layer thickness was measured in 38 location across the entire wafer
and revealed a non-uniformity of less than ±10 %, which corresponds to less than
±20 nm thickness variation. Further data analysis showed that more than 80 % of
the measured points exhibit even less than ±5 % non-uniformity.

Top Si

Bonding Polymer

SiO2 Layer on Bottom Substrate

Figure 2.4: Cross-sectional SEMmicrograph of a transfer bonded sample used to measure
the uniformity of the intermediate bonding layer thickness. Over the entire wafer, the
bonding layer exhibits less than ±10 % non-uniformity with over 80 % of the measured
points even lying within ±5 %.



Chapter 3

3D Integration of NEM Switches

In this chapter, the scientific contribution to the field of NEM switches and their
application for mechanical computing are reported.

The work that forms part of this thesis includes a reliability study for the con-
tact material of a novel NEM switch design, the development of a wafer-scale 3D
integration method for NEM switch logic circuits directly on top of CMOS, as well
as a scaling study of the performance and energy consumption of CMOS integrated
NEM switch circuits. The results of these studies consist of both theoretical analy-
ses and simulations, as well as practical fabrication and measurements. The work
presented here has been published in the appended papers number 2, 3, and 8.

The contributions described in this chapter are part of a larger research project
called NEMIAC, short for Nano-Electromechanical Integration and Computation.
Apart from KTH Stockholm, the project collaborators were IBM Research Lab
Zurich, Switzerland, EPFL Lausanne, Switzerland, Bristol University, UK, ST
Microelectronics, Italy, and Lancaster University, UK.

3.1 Introduction to NEM computing

Nano-electromechanical computing, or NEM computing for short, utilizes mechan-
ical switches to build logic circuits that are able to execute programmed operations
and calculations. Mechanical computing reached its zenith during the 1930s and
40s, which is why most readers probably associate the term mechanical computer
with an old, clunky machine, as big as a room. So how can this out-dated technol-
ogy still be relevant today?

One reason is the enormous advancements in surface micromachining made in
recent decades that enable the fabrication of mechanical switches in the nanometre-
scale, so-called NEM switches. A mechanical computer with thousands of relays
that used to fill an entire room can now fit on a tiny chip. Another reason is that
CMOS technology is approaching its fundamental limits and alternative technolo-
gies are needed to achieve higher performance with lower energy consumption. The

9
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progress of CMOS technology is limited by two fundamental issues: (1) the off-
state leakage current is approaching the active switching current which increases
the energy losses, and (2) the sub-threshold slope of silicon CMOS transistors has
a theoretical minimum at 60 mV/decade which determines the lower limit of the
operating voltage [41]. In contrast, NEM switches exhibit virtually zero off-state
leakage and therefore, no energy is dissipated when the switches are open. Since
the electrical contact in a NEM switch is established mechanically, the switching
behaviour is very abrupt which allows for aggressive down-scaling of the operat-
ing voltage without deteriorating the energy efficiency [42]. Additionally, NEM
switches can operate in much higher temperatures and withstand very strong radi-
ation, which makes them a prime candidate for harsh environments, such as outer
space.

In the last decade, several research groups have proposed different NEM switch
concepts, but only recently have some of them successfully demonstrated working
NEM logic circuits [43]. The demonstrated NEM logic circuits are based on different
NEM switch architectures and actuation concepts. The NEM switch architecture
demonstrated by a research group at UC Berkeley utilizes out-of-plane actuation
with layer-defined electrode separation [44, 45, 42]. Employing four-terminal (4T)
and six-terminal (6T) NEM switch architectures allows them to utilize body biasing
to lower the actuation voltage to below 100 mV. A polysilicon NEM switch with
in-plane actuation was developed at Stanford University [46, 47, 48]. In-plane
switches typically need fewer process steps and achieve smaller footprints, however
scaling the actuation voltage is more challenging because the area of the actuation
electrodes is smaller and body biasing is not easily implementable. A research
group at Case Western Reserve University has developed a similar in-plane NEM
switch approach using silicon carbide for high-temperature computing applications
[49, 50, 51]. While these NEM switch concepts are all substantially different, they
share a common feature: very small actuation gaps in the range of 250 nm to 30 nm,
aiming for low actuation voltages of below 1 V.

Compared to state-of-the-art CMOS transistors, however, NEM switches are
still considerably larger and slower. Therefore, simply replacing CMOS transistors
with NEM switches does not seem very promising. Luckily, the design flexibility of
NEM switches with more than 3 terminals enables the realization of the same logic
functions with far fewer devices than CMOS technology, which helps reducing the
NEM circuit footprint as well as increasing its speed [52, 53]. The most promising
approaches to improve the energy efficiency and performance of micro-electronics,
however, are 3D-integrated devices that combine the speed and compactness of
CMOS technology with the zero-leakage property and high energy efficiency of
NEM switches [54, 55, 56]. This More-than-Moore (MtM) approach of stacking
the NEM switches on top of CMOS requires an integration process that is fully
CMOS compatible, which not all NEM switch technologies can provide. Different
3D integration approaches include the use of the CMOS metal layers to create
NEM switches [57, 58, 59, 60]. Although, metal based NEM switches typically
exhibit low reliability since they rarely exceed 100 switching cycles. Semiconductor
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materials such as polysilicon, silicon carbide, and especially mono-crystalline silicon
are therefore preferred for high-reliability applications. The NEM switch technology
developed in this thesis project is based on mono-crystalline silicon which is 3D-
integrated on top of CMOS by transfer bonding. The transfer bonding process is
described in detail in chapter 2. The following sections describe the NEM switch
concept including a contact reliability study, a description of the CMOS-compatible
3D integration process, and finally a study of the performance and energy-efficiency
of a combined CMOS-NEM logic circuit.

3.2 The NEM switch concept

The NEM switch concept used in this project is based on a simple 3-terminal ar-
chitecture that is operated in an in-plane electrostatic actuation mode. Figure 3.1
depicts the novel NEM switch design which was developed at IBM Zurich specif-
ically for the NEMIAC project [61]. The distinctive feature of this NEM switch
is the curved beam and the matching actuation electrode (gate). As described in
more detail in the appended paper number 2, this curved design lowers the hystere-
sis and vastly improves the breakdown robustness of the NEM switch, compared
to a straight beam design. The concept behind the curved beam design is that
even at pull-in, there is a constant actuation gap along the entire beam of about
half the initial gap distance. As a result, there is no significant electrostatic field
concentration towards the tip, which usually contributes to a high hysteresis and
low breakdown voltage of straight beam designs, as illustrated in Figure 3.1a.

A fully fabricated NEM switch is shown in Figure 3.1b and measures roughly
5 µm × 3 µm. So why is it called a nano-electromechanical switch? Apart from sub-
µm structures, such as the hinges and release holes, the main nano-scale feature

a) b)a)

Figure 3.1: NEM switch concept, developed at IBM Zurich. a) The curved beam
design ensures a uniform gap width at pull-in, which largely prevents the electrostatic field
concentration towards the tip. This reduces the hysteresis and increases the breakdown
robustness compared to a straight beam design. b) SEM micrograph of a fabricated NEM
switch. The switch is ∼5 µm long, with a gap size of 60 nm. From appended paper 2
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is the 60 nm-wide contact and actuation gap. Therefore, the actuation distance at
the tip is 60 nm, while the gap along the curved beam is only reduced to about half
the initial distance, ∼30 nm.

3.2.1 Contact material
For a good electrical conductance of the NEM switch, a suitable contact material
had to be found. An extensive contact material investigation was therefore con-
ducted during the NEMIAC project. Metals such as gold (Au) and platinum (Pt)
offer very low contact resistances; however, experiments showed that metals as con-
tact material result in very poor reliability for nano-scale contacts of typically below
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Figure 3.2: a) SEM micrograph and schematic of the switch contact point. The illus-
tration shows the conductive Au/Pt layer, the a-C contact material, and the conductive
a-C filament. b) Filament formation occurs at a voltage between 1.5 V to 2.5 V, at which
point the a-C jumps into a low-ohmic state. c) Reliability study: more than 100 million
hot switching cycles with VDS = 1.6 V (blue) and VDS = 2.0 V (red). From paper 2.
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100 switching cycles. A study of mostly metallic contact materials performed by
Chowdhury et al. [62] identified titanium (Ti) as a potential candidate with 105

switching cycles. This is, however, still far away from the required 1015 switching
cycles that would guarantee a lifetime of 10 years for a typical micro-electronic
device. The highest reported NEM contact reliability of >1010 was achieved with
titanium nitride (TiN) [63] and ruthenium oxide (RuO2) [64]. Important charac-
teristics of good contact materials are hardness and low adhesion force [65], since
most contact failure modes are related to material transport, stiction, or welding.

The contact materials investigated in this work include platinum silicide (PtSi)
and amorphous carbon (a-C). PtSi offers an acceptable electrical conductivity and
good hardness, although we found that the contact resistance was deteriorating
heavily after a few days, possibly due to oxidation. The amorphous carbon was
chosen for its low adhesion force, however as-deposited a-C by itself is not conduc-
tive. A thin layer of Au and Pt was used below the 10 nm-thick a-C to provide a
conductive path along the switch. In the a-C contact point at the tip of the switch,
a conductive filament can be formed by applying a drain-source voltage (VDS) in
the range of 1.5 V to 2.5 V, as illustrated in Figure 3.2a. The abrupt change in
resistance upon filament formation is shown in Figure 3.2b. A long-duration test
of hot-switching cycles, i.e. under application of a drain-source voltage, was per-
formed to evaluate the reliability of a-C as a contact material. As Figure 3.2c
demonstrates, more than 100 million hot switching cycles were recorded without
failure. For higher VDS , the contact resistance was lower, around 15 kΩ, which can
be explained by a more reliable a-C filament formation at higher voltages. Thus,
amorphous carbon has proven its high reliability for NEM switch contacts. The
contact resistance of 15 kΩ lies well within the acceptable range for computation
application.

3.3 3D integration of NEM switch circuits

As mentioned in chapter 1, a heterogeneous 3D integration approach was chosen,
since it offers the highest integration density and shortest signal path length be-
tween the NEM components and the CMOS circuits. Heterogeneous 3D integration
enables us to utilize high-performance NEM switches made from mono-crystalline
silicon and integrate them directly on top of the CMOS. Figure 3.3a depicts a
schematic cross-section of an integrated device, consisting of the CMOS substrate,
the metal interconnect stack, the anchor via, and the NEM switch itself. The
purpose of the anchor via is to provide both an electrical connection from the
interconnect stack to the NEM switch, as well as mechanical support, hence the
name.

There are two fundamental approaches to form anchor vias in heterogeneous 3D
integration: via first, and via last. Via first entails that the vias are fully prepared on
the NEMS substrate and the electrical connection is established during the bonding
process, as illustrated in Figure 3.3b. In the via last approach, shown in Figure 3.3c,
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the vias are fabricated after the bonding process. The main difference between the
two approaches is that the minimum feature size of the via first approach is limited
by the wafer-to-wafer alignment accuracy, which lies typically in the 1 µm-range.
Since the vias are fabricated after the bonding for via last approaches, no wafer-to-
wafer alignment is necessary. The minimum feature size is, thus, only limited by the
alignment accuracy of the lithography which can be below 100 nm. As described
in the following section, a via last approach was chosen for the integration of the
NEM switch circuits.

NEM Switch

CMOS
Si Substrate

Metal
Interconnect
Stack

Anchor Viaa)a)

b) c)Via First Via Last

Figure 3.3: a) 3D integrated NEM switch on top of a CMOS substrate. b) Heterogeneous
3D integrations following a via first and c) a via last approach.

3.3.1 Description of the integration process
The fabrication process developed for the CMOS integration of NEM switch circuits
is schematically depicted in Figure 3.4. The integration concept is based on hetero-
geneous 3D integration using a via last approach, as described in the preceding
section. The main purpose of this process is the integration of a high-performance,
mono-crystalline silicon layer on top of the CMOS substrate, which is otherwise
not possible due to the thermal budget limitation of CMOS circuitry.

The integration process starts, as shown in Figure 3.4a, with the adhesive trans-
fer bonding method using ultra-thin intermediate bonding layers, which is covered
in chapter 2. A 200 nm-thick layer of mr-I 9020 XP bonding polymer is applied
to a fully fabricated CMOS substrate by spin-coating, and an SOI wafer is bonded
on top with the silicon device layer facing the CMOS substrate. The handle wafer
and BOX layer of the SOI substrate are subsequently removed by RIE and BHF
etching, so that only the 205 nm-thick silicon device layer remains on the CMOS
substrate, as indicated in Figure 3.4b. Next, via holes are etched down to the top
metal layer of the interconnect stack and the anchor vias are filled using a sputter
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deposition of titanium tungsten (TiW), as shown in Figure 3.4c. Finally, the NEM
switches are defined by e-beam lithography and etched into the transfer bonded
silicon layer, depicted in Figure 3.4d. The switches are then released by sacrificially
removing the bonding polymer with a simple oxygen plasma etching step.

Anchor

CMOS
Si Substrate

Actuation Gap
Beam

CMOS
Si Substrate

Si SiO2

SOI Substrate

CMOS
Si Substrate

Bonding Polymer
Metal Interconnect Stack

Pressure & Heat

a) b)

c) d)

Si

CMOS
Si Substrate

Handle Substrate Removal

Figure 3.4: NEM switch integration process: a) Adhesive transfer bonding of an SOI
wafer on top of a CMOS substrate. b) Removal of the SOI handle substrate and BOX
layer by RIE and BHF. c) Via etching and TiW anchor deposition. d) E-beam lithography
and structuring of the NEM switches, followed by release-etching by sacrificial removal of
the bonding polymer.

This integration concept offers a simple fabrication scheme using standard mi-
cromachining processes. Each process step was designed to enable a very high inte-
gration density for the NEM switches. The via last approach was chosen to avoid
the necessity of wafer-to-wafer alignment in the bonding process, which significantly
reduces the achievable minimum feature size of the anchor vias. Utilizing an ultra-
thin intermediate bonding layer and silicon device layer allows to further reduce
the via diameter without exceeding feasible aspect ratios for the metal deposition.
Additionally, the oxygen plasma release etch is highly selective and significantly
lowers the risk of stiction, which is a major concern for release methods based on
wet etching.

Fabrication results of fully integrated NEM switches are presented in Figure
3.5. A cross-section of an anchor via is shown in Figure 3.5a and it clearly depicts
how the TiW forms a continuous layer from the top surface all the way down to
the bottom of the via, which is crucial to provide mechanical support and electrical
conductance to the switch. Note that the metal interconnect layers are missing
on this sample which would otherwise form a connection with the bottom of the
anchor via. A fully released NEM switch is shown in Figure 3.5b. Each electrode
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2 µm

1 µm

200 nm

TiW
Si

Polymer
Substrate

b)

c)

a)

Figure 3.5: SEM micrographs of fabricated NEM switches. a) Cross-section of an anchor
via. Note that the metal interconnect layers are missing on this sample. b) Fully fabricated
and released integrated NEM switch. c) Example of a simple NEM switch logic circuit
consisting of five switches.

has its own anchor via connecting the switch to the interconnect layers below. The
smallest features of the NEM switch are the actuation gap and the tip separation,
both measuring 60 nm. A complete NEM switch logic circuit is presented in Figure
3.5c. This NEM logic circuit consists of five switches and is designed to perform a
simple logic function. A continuous grid of anchors was fabricated even in places
without a NEM switch to create a uniform feature density which helps to improve
the uniformity and resolution of the e-beam lithography that defines pattern of the
NEM switches.

3.3.2 Measurements of NEM switch circuits
Various NEM switch logic circuits were designed, fabricated, and measured in the
scope of the NEMIAC project. The designed circuits ranged from very simple logic
functions such as inverters, nand, and nor gates, through more complex sequential
logic and oscillators, up to computing circuits such as full adders. The complexity
of these circuits varied from only two switches for a simple inverter up to dozens
of switches for a full adder. The prototypes of these switch logic circuits were
fabricated using an SOI wafer process without CMOS integration, which ensured
a fast turnaround and easy optimization of the prototype devices. The switches
were defined on an SOI wafer using e-beam lithography and subsequently released
by BHF etching and critical point drying. Finally, the contact materials Au, Pt,
and a 10 nm-thin layer of a-C were deposited on the switches. The drawback of
this fast turnaround fabrication method is that the logic circuits are limited to
in-plane wiring, since the metal layers of the interconnect stack are not available.
This restricts the complexity of the obtainable circuits to simpler layouts, which
makes it impossible to implement large circuits like the full adder. The prototype
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circuits that were fabricated and measured include an inverter, a buffer consisting
of a two-stage inverter, and a three-stage oscillator. The results of the inverter and
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Figure 3.6: a) Fabricated NEM switch inverter. b) Fabricated three-stage oscillator
consisting of three inverters in ring configuration. An extra output switch is used to
decouple the measurement equipment load from the NEM circuit. c) Schematic of the
measurement setup. d) Measurement of a single inverter. Note: the output swing is
reduced by the output switch decoupling. e) Measurement of a three-stage oscillator
operating at 6.7 MHz. Adapted from appended paper 3.
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oscillator prototype circuits are shown in Figure 3.6.
A fabricated NEM switch inverter is shown in Figure 3.6a. The inverter is

operated at Vdd = 4 V and Vss = −4 V and the output signal in Figure 3.6d shows
correct behaviour. Note that the output is decoupled from the inverter by an
additional output NEM switch and the output swing is limited by the operational
amplifier in the measurement setup to reduce the current load on the output switch.

The NEM oscillator consists of three inverters in ring configuration, i.e. the
output of the first inverter is connected to the input of the second one etc. This
creates a self-oscillating loop when a supply voltage is applied. Figure 3.6b depicts a
fabricated three-stage inverter, including an output switch to decouple the oscillator
from the load of the measurement equipment. A detailed circuit diagram of the
entire measurement setup is shown in Figure 3.6c. The measurements in Figure 3.6e
show the oscillator in operation at an oscillation frequency of 6.7 MHz. Internally,
the ring oscillator operates at full voltage swing of ±7 V, however due to the low
bandwidth of the output stage of the measurement setup, the measured oscillations
are limited to about 100 mV.

These prototype circuit experiments demonstrate the capability of our NEM
switch technology to perform well in both static logic operations as well as oscillat-
ing applications. The ring oscillator also demonstrates the ability to drive a NEM
switch directly from the output of another NEM switch at full voltage swing. Thus,
all necessary requirements to form larger, more complex logic circuits have been
confirmed.

3.4 Performance of integrated CMOS-NEM circuits

For most applications of computation devices, a compact design, fast computation
speed, and low energy consumption are extremely important. So, how do these three
metrics of NEM-based logic circuits compare to state-of-the-art CMOS devices?
And why could it be beneficial to combine NEM logic with CMOS circuits, i.e.
following a MtM approach, as discussed in the previous sections?

In order to provide a quantitative evaluation of these important NEM logic
metrics, a detailed performance and scaling study has been conducted. This work
includes a scaling study of the NEM switch technology, as well as a performance
comparison between NEM and CMOS logic circuits. These studies are based on
both theoretical considerations and experience from measured NEM switch circuits.

3.4.1 Scaling study of the NEM switch technology
The scaling capabilities of the NEM switch technology is crucial both for competing
with state-of-the-art micro-electronics, as well as providing room for improvement
in the future. Our integrated NEM switch technology, described in section 3.3.1,
consists of two components that are independently scalable: (1) the NEM switch,
and (2) the anchor via. A simplified model of a straight 3T NEM switch, as depicted
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in Figure 3.7a, is used for the scalability study, however, the scaling considerations
are equally applicable to the curved NEM switch described in section 3.2.
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Figure 3.7: a) Simplified NEM switch model for scaling study. Each switch occupies
an area equal to λ × 3λ, where λ is the pitch of the anchors. b) Graphical roadmap
for scaling of the integration density. Areas 1, 2, and 5 are unattainable. Area 3 uses
high-throughput fabrication methods. Area 4 allows for extreme scaling, but relies on
expensive and low-throughput fabrication methods.

Scaling the NEM switch is roughly equivalent to reducing the beam length L,
which reduces the overall footprint and increases the switching speed. However,
scaling L also requires aggressive scaling of the actuation gap which is ultimately
limited by the resolution of the lithography technology or the tunnelling range
which starts at around 3 nm. In general, shorter actuation distances allows for
lower actuation voltages, which leads to smaller energy consumption. Although,
the fundamental limit of NEM switch scaling is given by the adhesion force [66],
since the restoring spring force has to be able to overcome the adhesion force. This
is why nano-scale contact are preferred for low-voltage NEM switches.

The scaling of the anchor vias is mainly observed through the anchor pitch λ.
Smaller via hole diameters φv also allow for smaller anchor diameters φa which
enables a smaller anchor pitch λ. Scaling λ increases the integration density which
creates shorter signal path length, reduced parasitics, and thus, shorter electrical
delays. Anchor pitch scaling is ultimately limited by the via diameter φv and the
achievable aspect ratio of the metallization process. Figure 3.7b presents a graph-
ical roadmap for the integration density scaling limits. The areas 1, 2, and 5 are
unattainable due to physical, design-, or fabrication-imposed limitations, respec-
tively. The integration densities in area 3 are attainable with high-throughput
fabrication methods, such as stepper lithography. Area 3 also contains our demon-
strated integrated NEM switch technology, highlighted by a diamond shape. Ex-
treme down-scaling is theoretically possible in area 4, reaching a via diameter of
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30 nm and an anchor pitch of 100 nm. However, such aggressive scaling relies on
expensive, low-throughput fabrication methods and has not yet been achieved in
practice.

3.4.2 Performance of CMOS-NEM FPGAs
Field-programmable gate arrays (FPGAs) are a type of reconfigurable computation
device that has been suggested as an ideal target application for CMOS-integrated
NEM switch circuits [67, 56]. Therefore, in this performance study, an FPGA circuit
is used as a test model to extract the integration density, circuit performance, and
energy-efficiency of our proposed CMOS-integrated NEM switch circuit technology.
The FPGA architecture is shown in Figure 3.8 with a unit tile consisting of one
configurable logic block (CLB), one switch box (SB), and two connect boxes (CB).
Three different FPGA implementations were evaluated and compared: (1) NEM-
only, where the entire FPGA circuit is made up of NEM switches; (2) CMOS-NEM,
where NEM switches are only used for reconfigurable routing and memory, and
CMOS is used for all functional units; and (3) CMOS-only made up of entirely of
45 nm CMOS technology, which serves as the base comparison.

I/O Unit Tile

CLB

CB

CB

SB

I/O I/O I/O I/O

I/O I/O I/O

I/O
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I/O
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I/O

I/O

SB SB SB

SB SB SB

SB SB SB

CLB CLB
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Figure 3.8: Island-style global FPGA architecture. A unit tile consists of one config-
urable logic block (CLB), one switch box (SB), and two connect boxes (CB). The detailed
FPGA operation is described in the appended paper number 8.

Logic density scaling

The logic density describes how many unit tiles of the FPGA circuit fit in a given
area. Even at extremely down-scaled integration densities, the NEM switches are
still considerably bigger than the baseline CMOS technology. Although, this can
be somewhat compensated for, since NEM circuits use fewer devices for the same
circuit functionality than CMOS, especially if non-volatile (NV) NEM switches are
incorporated. As shown in Figure 3.9a, the CMOS-NEM implementation surpasses
the baseline CMOS logic density at an anchor pitch of λ < 0.4 µm. The NEM-
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only implementation is slightly worse but also surpasses the baseline CMOS at
λ < 0.3 µm.
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Figure 3.9: a) Logic density scaling: the CMOS-NEM and NEM-only implementations
surpass the baseline CMOS logic density for small anchor pitches of 0.4 µm and 0.3 µm,
respectively. b) Performance scaling in million operations per second (MOPS).

Performance scaling

The performance of the three FPGA implementations was analysed by how fast
a 32-bit ripple-carry adder can be operated. Since the mechanical delay of NEM
switches is far greater than the electrical delay in CMOS circuits, it is no surprise
that the NEM-only implementation is about 140× slower than the baseline CMOS,
as is illustrated in Figure 3.9b. This can, however, be improved to only 8.5× slower
by optimizing the circuit for NEM switches. The performance of the CMOS-NEM
implementation is not influenced by the mechanical delay, since all the functional
units are implemented in CMOS. The more efficient routing enabled by the NEM
circuit considerably improves the overall performance by up to 50 %.

Energy efficiency scaling

To achieve a superior energy efficiency with NEM logic circuits, minimizing both the
actuation voltage and the signal path length is crucial. These two characteristics can
be minimized by scaling the NEM switch, i.e. the beam length L and the actuation
gap, as well as the anchor pitch λ. The results show, that both the CMOS-NEM
and the NEM-only implementations use less energy than the baseline CMOS for
L < 1 µm and λ < 1 µm. Further scaling of the CMOS-NEM implementation to
λ 6 0.4 µm achieves an energy saving of 34 %, while running 50 % faster, on the
same circuit area than the baseline CMOS. Since there are zero leakage losses in
the NEM-only implementation, scaling to λ 6 0.3 µm achieves up to 92 % energy
saving on the same area, however, operating at an 8.5 × slower speed.
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These results show the potential of NEM switch logic circuits to operate both
as a standalone circuit or integrated on CMOS technology. The NEM switch tech-
nology enables tremendous energy savings at the cost of operating speed. If speed
cannot be sacrificed, the combined CMOS-NEM implementation offers both bet-
ter energy efficiency and higher speed. Using the NEM switches for reconfigurable
routing also reduces the required switching cycles from 1015 to about 104. Fur-
thermore, NEM switch technology offers excellent high-temperature stability and
radiation hardness, as is summarized in Table 3.1.

Table 3.1: Comparison of different FPGA implementations.

CMOS CMOS-NEM NEM
Performance - up to +50 % −90 %
Energy
consumption - −34 % −92 %

Radiation
hardness

1 Mrad with
redundancy

<10 Mrad (NV relay
eliminates bit-flipping) 1 Grad

Operating
temperature 6125 ◦C 6125 ◦C 6300 ◦C

or higher
Leakage at
room temp. - −63 % zero

leakage



Chapter 4

Packaging Methods

This chapter explores two different concepts for packaging MEMS and NEMS
devices on wafer-level. Both of the presented packaging methods utilize low-
temperature processing to ensure CMOS compatibility.

The contribution of this thesis to the field of wafer-level packaging consists of
the development of a novel method for vacuum sealing based on low-temperature
welding of copper rings. To verify the vacuum sealing properties of this method, a
detailed hermeticity study was conducted. The second packaging method presented
in this thesis is focused on a cost-efficient fabrication by utilizing highly standard-
ized processes. It is based on adhesive wafer bonding using benzocyclobutene (BCB)
and is applicable to both silicon and glass lid packaging.

4.1 Introduction to MEMS packaging

The main purpose of packaging is to protect the MEMS or NEMS structure from
the environment, which might involve mechanical damage, ambient pressure, dust
particles, and humidity, amongst others. Thus, the packaging is typically the last
process step of the device fabrication, creating a functional, encapsulated device,
ready for its intended application. For the industry, a cost-efficient, wafer-level
packaging method is crucial, since the packaging often constitutes a substantial
part, if not the majority, of the fabrication costs of the entire device [68, 6]. Wafer
bonding has, therefore, emerged as a promising solution to achieve reliable, wafer-
scale encapsulation of MEMS and NEMS devices [36, 10].

A large variety of wafer bonding methods have been explored for packaging,
including anodic bonding [12, 13], eutectic bonding [14, 15, 16], and Si-Si direct
bonding [17, 18]. However, these bonding methods typically rely on a high temper-
ature budgets and/or high voltage, as well as extremely flat bonding surfaces with
ulta-low roughness. Such requirements can greatly increase the process complexity
and cost of the packaging method and usually do not offer CMOS compatibility.
Alternatively, medium to low-temperature bonding methods using intermediate
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metal or polymer layers provide a more versatile and cost-effective approach to
MEMS packaging. Adhesive bonding methods using various polymers [36, 26] typi-
cally offer very low process temperatures and excellent compatibility with common
semiconductor materials and metals, however, at a cost of limited hermeticity [69].
Conversely, metal based bonding approaches [22, 23, 70] exhibit excellent hermeti-
city, although achieving high reliability at low processing temperatures has proven
challenging.

Thus, adhesive bonding and metal thermocompression bonding seem to be the
most promising bonding technologies for a cost-effective and versatile packaging
method. These two technologies were therefore pursued within this thesis project,
focusing on two different packaging purposes. A metal thermocompression bonding
approach based on copper rings was used to develop a vacuum sealing method with
the smallest footprint reported so far, which is described in section 4.2. A second
packaging method was developed using adhesive bonding with benzocyclobutene
(BCB), where cost-effectiveness and minimal impact on the sealed devices were the
main objectives, which is discussed in section 4.3.

4.2 Vacuum packaging with narrow sealing rings

Vacuum sealing is crucial for many MEMS and NEMS applications both for pro-
tecting the encapsulated device, as well as providing the right environment for high
performance and reliability of the device. As discussed above, metal based wafer
bonding methods have emerged as a promising approach for low-temperature vac-
uum sealing. A variety of different bonding methods and metal combinations have
been proposed for this purpose, including solder bonding [71, 72, 73], solid-liquid
interdiffusion (SLID) bonding [74, 75], surface activated bonding [76, 77, 78], atomic
diffusion bonding [79, 80], and thermocompression bonding of gold, aluminium, or
copper [22, 23, 81, 70, 82]. While all of these methods exhibit individual advan-
tages and disadvantages, the main focus of this project was to achieve hermetic
vacuum sealing with a very small footprint of the sealing rings. However, most of
the mentioned sealing methods rely on fairly large sealing ring structures, featuring
widths of 50 µm to 200 µm or more [83, 74, 84]. Reducing the sealing ring width
often results in either loss of hermeticity or loss of bond strength, which has to
be compensated for by solder bump reinforcements [24] or an epoxy underfill [85].
Aluminium and gold offer good hermeticity, due to their high malleability; how-
ever, they also exhibit low a bond strength. Copper forms a stronger bond, and
therefore, thermocompression bonding of copper has emerged as one of the prime
candidates for hermetic sealing with narrow footprint [86]. Additionally, copper
is a widespread material used in the IC industry and is therefore compatible with
most applications.

The presented vacuum sealing method was developed to provide excellent long-
term hermeticity with narrow footprint sealing structures that are self-supporting,
i.e. no additional reinforcement structures to maintain a sufficient bond strength
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are necessary. The sealing method is based on low-temperature thermocompression
bonding of copper at 250 ◦C, which ensures CMOS compatibility. The work pre-
sented in this section is described in further detail in the appended paper number
6, as well as the listed conference contribution number 13.

4.2.1 Small-footprint sealing rings
Reducing the footprint of vacuum sealing structures is challenging, since narrow
sealing structures often exhibit reduced bond strength and limited hermeticity.
With this sealing method, we address this challenge by creating groove structures
in the cap wafer, corresponding to a copper ring on the device wafer, as depicted
in Figure 4.1. Different sealing designs with one, two, or three grooves in the cap
wafer were studied, as well as different overlap widths of the copper ring, ranging
from 1 µm to 3 µm. Thus, the overall width of the studied copper rings ranged from
6 µm to 21 µm.

Overlap width

Cu ring

Cavity to be sealed

 

Cap wafer (Transparent for illustration)

Device wafer
Groove (Covered by thin Cu layer)

Design with two grooves Design with three grooves

Figure 4.1: Schematic depiction of the vacuum sealing structure design consisting of a
copper ring on the device wafer and matching copper-covered grooves in the cap wafer.
Different designs with one, two, or three grooves and copper ring overlap widths ranging
from 1 µm to 3 µm were evaluated.

The principle behind this design is based on pressing the copper ring on the
device wafer into the grooves on the cap wafer which are covered by a thin layer
of copper, thus, achieving copper-to-copper bonding. One important factor for a
successful bond is a high degree of plastic deformation of the copper ring [87, 88].
The ring-and-groove design exhibits a few distinct advantages over conventional flat
bond interfaces. First, adding the grooves reduces the contact area and creates a
highly-localized bond pressure facilitating a high plastic deformation. The grooves
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also provide the deformed copper space to move into without being squeezed side-
ways and occupying large horizontal areas on the device wafer surface, thus keeping
the footprint small. Lastly, the grooves increase the surface area of the copper-to-
copper bond which ensures superior hermeticity despite the small footprint.

4.2.2 Vacuum sealing fabrication process
The fabrication process of the proposed vacuum sealing method is schematiaclly
illustrated in Figure 4.2. As shown in Figure 4.2a, the cap wafer and device wafer
are prepared separately before they are bonded together to form a vacuum sealed
cavity. For the demonstration of our sealing method, a single-side polished 500 µm-
thick, 100 mm-diameter silicon wafer with a 100 nm-thick layer of thermal oxide was
chosen as the device wafer. The oxide layer insulates the copper rings from the sub-
strate to avoid shorting any encapsulated devices. The 5 µm-high copper rings are
fabricated by electroplating using a 6 µm-high mold of AZ9260 photoresist (Micro-

Si SiO2 Ti/CuCu

(b)

(b)

(c)

(a)

Cap wafer

Device wafer

Vacuum chamber

Bonding force (20 kN for 25 min)

Cu ring

Groove

Vacuum cavity

Vacuum cavity

Atmosphere 

Temperature: 250 °C 

Figure 4.2: Vacuum sealing method: a) Device wafer: The 5 µm-high copper rings are
electroplated using a photoresist mold on a 10 nm/100 nm Ti/Cu adhesion/seed layer.
Cap wafer: The grooves and cavities are etched by DRIE and covered with 10 nm/300 nm
Ti/Cu. b) Thermocompression bonding in vacuum (7 × 10−5 mbar) at 250 ◦C with a
bonding force of 20 kN for 25 min. c) Thinning of the cap wafer by RIE to enable the
hermeticity evaluation by observing the membrane deflection.
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chemicals GmbH, Germany). An adhesion/seed layer consisting of 10 nm titanium
and 100 nm copper is sputtered on the device wafer prior to the electroplating. The
cap wafer consists of a double-sided 300 µm-thick silicon wafer into which 8 µm-deep
grooves were etched by deep reactive ion etching (DRIE). The cavities are formed
in the same step and, hence, are also 8 µm deep. A layer of 10 nm titanium and
300 nm copper is then deposited on the side with the grooves.

Prior to the thermocompression bonding step, the device wafer and cap wafer are
aligned using a BA8 wafer aligner (Suss MicroTec, Germany) and then placed in a
CB8 wafer bonder (Suss MicroTec, Germany). The bonding chamber is evacuated
down to a pressure of 7 × 10−5 mbar. Next, the wafers are heated up to 250 ◦C
and a force of 20 kN is applied for 25 min. Most of the copper is forced into the
grooves and thereby forms a stable copper-copper bond, as shown in Figure 4.2b.
For evaluation purposes, a final step is added to thin down the cap wafer by RIE.
Figure 4.2c shows the resulting deflection of the remaining 75 µm to 95 µm-thick
membrane on the vacuum cavity, which was then used for the hermeticity evaluation
presented in section 4.2.4.

4.2.3 Design evaluation

The reliability of the different sealing structure designs, presented in Figure 4.1,
was experimentally evaluated. All the different sealing structure designs were fab-
ricated using the same process parameters, as described in the previous section,
followed by a cap wafer thinning step to reveal the membrane deflection. Figure
4.3a, b, and c show cross-sectional SEM micrographs of successfully fabricated seal-
ing rings featuring one, two, and three grooves in the cap wafer, respectively. These
samples also show that the copper was squeezed into the grooves by about 3.1 µm
to 3.6 µm. After the fabrication, 124 cavities were evaluated, out of which 93 were
successfully sealed. The presence of a membrane deflection, as shown in Figure
4.3d, was used as an indication of whether the sealing was successful or not. This
simple pass/fail assessment of each sealed cavity was repeated after three months of
storage in atmosphere, with 92 cavities still intact. The resulting yield evaluation
of the different sealing structure designs is depicted in Figure 4.3e. It is clearly
visible that the two-groove design exhibits the highest yield, even reaching 100 %
for the 13.5 µm-wide copper rings. It should also be noted, that the 1-groove design
with the narrowest copper ring of 6 µm could not produce any sealed cavity. In this
design, the overlap width was only 1 µm on each side of the ring, which was not
sufficient for the alignment accuracy of the bond aligner, resulting in a misaligned
copper ring and groove. While the narrowest rings for the 2- and 3-groove designs
contain the same overlap width of 1 µm, misaligning one groove does not immedi-
ately cause a loss of hermeticity. The decreasing yield for the wider rings in each of
the designs can be explained by a larger horizontal contact area between the rings
and the cap, as well as a larger copper volume to deform, which would require a
higher bond force.
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Figure 4.3: a), b), and c) SEM cross-sections of fabricated sealing rings with one, two,
and three grooves. The copper ring was squeezed into the grooves by about 3.1 µm to
3.6 µm d) Sealed cavity with visible membrane deflection. e) Yield evaluation of the
different sealing designs.

4.2.4 Hermeticity evaluation

After the qualitative evaluation of the sealing yield presented in the previous section,
a quantitative study was conducted to determine the hermeticity of the copper
sealing rings. Two different methods to evaluate the hermeticity have been used in
this study: the membrane deflection method and the residual gas analysis. The
membrane deflection method consists of monitoring the exact deflection of the
membrane on top of the vacuum cavity and using this measurement to calculate
the pressure inside the cavity. Optical interferometry was used to measure the
membrane deflection of 93 cavities over more than three months. However, no
exact leak rate could be determined, since the measurement results were below
the limit of detection of this method, which means the leak rate was lower than
1.3 × 10−12 mbar L/s.

In order to get a more precise measurement of the leak rate, a residual gas
analysis was performed on 3 cavities with different sealing ring designs. The de-
tailed results are presented in Table 4.1. The measured pressure levels inside the
vacuum cavities were around 10−2 mbar after 147 days of storage in atmosphere.
From these values, a leak rate of about 3.6 × 10−16 mbar L/s could be derived.
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Table 4.1: Results from the residual gas analysis of three sealed vacuum cavities with
different sealing ring designs.

Gas O2G2 design O2G3 design O3G3 design

Pressure Percent Pressure Percent Pressure Percent
(mbar) (%) (mbar) (%) (mbar) (%)

H2 2.9 × 10−2 63.07 0 0 0 0
CO2 1.1 × 10−2 23.92 0 0 0 0
CO 5.1 × 10−3 11.09 0 0 0 0
CH4 0 0 2.5 × 10−2 97.66 1.7 × 10−2 55.77
CHsa 6.7 × 10−4 1.46 4.5 × 10−4 1.76 7.0 × 10−4 2.30
Ar 2.1 × 10−4 0.46 1.3 × 10−4 0.51 1.2 × 10−2 39.37
He 0 0 1.8 × 10−5 0.07 7.8 × 10−4 2.56
O2 0 0 0 0 0 0
N2 0 0 0 0 0 0
H2O 0 0 0 0 0 0

Total 4.6 × 10−2 100.00 2.6 × 10−2 100.00 3.0 × 10−2 100.00

a CHs represents the contribution of light hydrocarbons (C2H6 and C3H8).

Considering that no getter materials were used, this result is orders of magnitudes
better than reported values of 10−10 to 10−8 mbar L/s for Cu thermocompression
bonding [[86], Ni/Sn solder bonding [89], and Au-Sn eutectic bonding [90]. Al-
though the absolute pressure in our presented cavities is not as low as reported in
[91], the achieved vacuum is perfectly adequate for most MEMS applications such
as resonators, gyroscopes, and RF switches.

4.3 Cost-effective BCB packaging

Cost-effectiveness of packaging solutions is a major concern in the industry. There-
fore, many different approaches to cost-effectiveness have been explored, including
the utilization of low-cost materials, limiting the number of processing steps, and
ensuring high throughput. Furthermore, achieving very high yield is crucial, since
the packaging is typically performed at the end of the device fabrication, thus,
potentially ruining the entire fabrication process. Among the different packaging
approaches introduced in chapter 4.1, adhesive bonding has established itself as a
robust and low-cost process that is extensively used for capping of optical sensors
[92, 93]. Adhesive bonding offers fairly low process temperatures and excellent ma-
terial compatibility and is therefore well suited for applications that do not require
full hermeticity [28, 69]. Various capping methods based on adhesive bonding have
been developed, such as localized laser heating [94], localization of UV-curable ad-
hesive by centrifugal spinning [95], and transfer bonding of pre-formed BCB caps
[96]. More common capping approaches rely on patterning the adhesive by direct
photolithography or through masking and etching [69, 97, 98, 99]. However, pat-
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terning of the adhesive by photolithography or etching requires partial cross-linking
of the adhesive, which reduces the resulting bond strength and yield [99].

The here presented adhesive packaging solution utilizes spray-coating of BCB
adhesive in order to avoid cross-linking and ,thus, achieves superior bond quality.
A special focus is put on cost-effectiveness of the process. Therefore, only low-cost
materials are utilized, such as glass cap wafers and non-photosensitive BCB. Fur-
thermore, the fabrication consists entirely of simple, highly standardized process
steps which ensures high yield and excellent compatibility with existing IC fabrica-
tion methods, which significantly reduces both fabrication as well as development
costs. A detailed description of our cost-effective BCB packaging method has been
published in the appended paper number 5.

4.3.1 BCB capping method
The fabrication process of the proposed BCB capping method is illustrated in Fig-
ure 4.4 and can roughly be separated into three phases: first, preparation of the
capping substrate and application of the BCB adhesive; second, thermocompression
bonding; and third, die singulation by wafer dicing. The preparation of the capping
substrate starts by creating a mask and etching the cavities, shown in Figure 4.4a,
followed by spray-coating of the BCB adhesive, as depicted in Figure 4.4b. The
spray-coating creates a uniform layer of BCB on the capping substrate surface with-
out accumulating overly thick layers in the cavities. Next, the capping substrate
is bonded to the device substrate by thermocompression bonding at 250 ◦C for 1 h,
which completely cures the BCB, as shown in Figure 4.4c. It should be noted that
only the previously masked areas of the capping substrate are in contact with the
device wafer, thus, eliminating the need for BCB patterning. Finally, the finished
wafer stack is diced into individual chips, as depicted in Figure 4.4d.

Capping Substrate

Mask Adhesive

Capping Substrate

Device Substrate

Force Heat

Capping Substrate

Wafer Dicing Blade

(a) (b)

(c) (d)

Figure 4.4: BCB capping method: a) Masking and etching cavities on the capping
substrate. b) Spray-coating of BCB adhesive, which avoids partial cross-linking. c) Ther-
mocompression bonding at 250 ◦C for 1 h. d) Die separation by wafer dicing.
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The presented capping method is optimized for cost-effectiveness in several ways.
Firstly, as mentioned above, the capping fabrication utilizes only low-cost materials
and simple, highly standardized process steps. Therefore, a Borofloat 33 glass
capping substrate is chosen. Glass substrates are not only low-cost but they also
offer very simple, cost-effective processing, such as hydrofluoric acid (HF) etching,
which is used to fabricate the cavities in Figure 4.4a. Additionally, glass capping
wafers are transparent and thus well-suited for optical applications. In Figure 4.4b,
spray-coating of BCB was chosen, since it enables the usage of non-photosensitive
adhesive, which is considerably less expensive than photosensitive adhesives that
are typically used for lithographic patterning.

However, the largest contribution to the cost-effectiveness stems from the pack-
aging approach itself, which is designed such that the fabrication of the device wafer
does not have to be modified in any way. All the process steps necessary for the
bonding are entirely performed on the capping substrate. This significantly low-
ers the process complexity and reduces both the fabrication and the development
costs. Since the adhesive bonding method is compatible with most metallic, dielec-
tric, and semiconductor materials, this packaging method is potentially suitable for
a large variety of MEMS, NEMS, and optical applications without the need for re-
developing the fabrication process for each application. Thus, the simplicity of the
proposed capping approach makes this a very cost-effective and versatile packaging
method.

4.3.2 Interconnection concepts

Since most packaged devices require some form of electrical connection from inside
the package to the outside world, we also studied different interconnection concept
that are compatible with the proposed BCB packaging approach. Electrical chip-
to-chip or chip-to-package interconnection concepts can be divided into horizontal
and vertical connections. Horizontal interconnections use in-plane conductors on
the surface of a chip and are typically applied for wire bonding, while vertical
interconnections run from the front-side to the back-side through the chip, which
allows multiple chips to be stacked and connected by flip-chip bonding or similar
techniques. The proposed packaging method is compatible with both horizontal
and vertical interconnection approaches, as is demonstrated in Figure 4.5.

The horizontal interconnection approach in Figure 4.5a utilizes simple metal
feed-throughs and front-side pads that are fabricated before the bonding step. Dur-
ing the bonding the re-flow behaviour of BCB easily compensates for the topography
caused by the metal feed-throughs. After the bonding, the front-side pads are ex-
posed by partial dicing in which the dicing blade only cuts through the capping
substrate but leaves the device wafer intact, as indicated in Figure 4.5a. Regular
wafer dicing through the entire wafer stack is then performed to separate the de-
vices into single chips. We demonstrate this horizontal interconnection approach in
Figure 4.5c by fabricating a sealed cavity with horizontal feed-throughs and front-
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Figure 4.5: Horizontal and vertical interconnection concepts. a) Horizontal feed-through
concept with front and back-side cap suitable for wire bonding. b) Vertical through
silicon via (TSV) concept for flip-chip bonding. c) Fabricated package with horizontal
feed-throughs and front-side pads. d) Fabricated package with TSVs and back-side pads.

side pads. We also demonstrate the capability of simultaneous front- and back-side
capping.

The vertical interconnection concept is based on through silicon vias (TSVs),
as shown in Figure 4.5b. The TSVs connect the device on the front-side of the
substrate with a metal pad on the back-side and they are typically fabricated before
the packaging step. In this case, only the front-side is encapsulated, since the back-
side pads have to remain exposed for the subsequent flip-chip bonding. Figure 4.5d
shows the front- and the back-side of fabricated packages with the encapsulated
device visible through the transparent cap and the exposed pads on the back-side
of the chip.



Chapter 5

Through Silicon Via Interconnects

This chapter focuses on the fabrication of through silicon vias (TSVs) by magnetic
assembly of pre-fabricated nickel wires and applications thereof.

This thesis introduces a novel approach to TSV fabrication that offers a fast
and simple manufacturing process for very high aspect ratio TSVs at low cost. As
demonstrated in the following sections, the magnetic assembly of nickel TSVs is
highly reliable, fast, and easily up-scalable to high throughput, wafer-level manu-
facturing. The work presented in this chapter has been published in greater detail in
the appended papers number 1 and 4, as well as the listed conference contributions
number 10 and 12.

5.1 Introduction to through silicon vias (TSVs)

Through silicon vias (TSVs) are essential for many 3D integration and packaging
methods [100]. The purpose of a through silicon via, or more generically known
as through substrate via, is to form an electrical connection from the front-side of
a given substrate to the back-side along the shortest possible path, i.e. vertically
through the substrate. TSVs can be used to connect devices inside a package with
the outside world, as presented in chapter 4.3.2. Further applications include verti-
cal connections of stacked chips, as well as interposer and redistribution substrates.
Vertical connection of stacked chips and packages, so-called 3D-integrated system
in package (3D-SiP) solutions, have shown great potential to lower device costs by
reducing the volume and weight of the package. Additionally, TSVs offer extremely
short signal path lengths which reduces parasitics and therefore improves the device
performance by increasing the signal transmission speeds and lowering the power
consumption [101, 102, 103].

A large variety of TSVs have been developed for different applications with
different requirements. Common TSV dimensions range from diameters of a few
µm [102, 104] up to several hundred µm [105, 106], with typical aspect ratios be-
tween 1 and 10. The materials and processes used to fabricate the TSVs also
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vary according to specific applications. The conductive core of the TSVs is most
commonly fabricated by electrodeposition of copper [107, 104, 108, 105, 109, 110],
chemical vapor deposition (CVD) of tungsten [102, 111], or CVD of polysilicon
[102, 112]. Other approaches include the use of low-resistivity bulk silicon [113],
conductive metal pastes [101, 114, 115], solder [116, 117], as well as wire-bonded
metal cores [118, 119, 106]. The insulation layer between the conductive core and
the substrate can also be manufactures with different materials, the most common
amongst which are CVD silicon oxide and silicon nitride. Recently, organic di-
electrics [120, 121] such as BCB [109, 106, 122], epoxy-based polymers [109, 105],
silicone [109], or parylene [108] have appeared as promising insulation materials
with both favourable electrical and mechanical properties. However, it remains
a challenge to achieve high aspect ratios, especially for TSVs with small diame-
ters. Optimizing both CVD and electrodeposition processes for high aspect ratios
and void-free metal cores significantly increases the process complexity and lowers
the reliability and throughput [123, 104, 124], which ultimately leads to lower fab-
rication yield and higher cost. In this chapter, we address these shortcomings by
proposing a novel fabrication method for high-aspect ratio TSVs based on magnetic
assembly of nickel wires. Cost-effectiveness is ensured by utilizing readily available,
low-cost materials such as nickel micro-wire and BCB as insulation material. The
process is simple, reliable, and easily up-scalable to high throughput fabrication on
wafer-scale.

5.2 TSV fabrication by magnetic assembly

The concept of magnetic assembly is based on the interaction of ferromagnetic ma-
terials with external magnetic fields. It utilizes the effect, that small ferromagnetic
objects such as short nickel wires align themselves to the magnetic field lines of the
external magnetic field, e.g. of a permanent magnet. Changing the magnetic field
by moving the permanent magnet causes the nickel wires to follow the magnet.
This allows for the nickel wires to be accurately steered to a specific target.

Most common TSV fabrication schemes follow a specific three-step process that
includes firstly, creating the via hole through the substrate, secondly, forming an
insulation layer, and thirdly, deposition of the conductive core. As mentioned above,
this approach limits the achievable aspect ratio and is prone to void-formation in the
conductive core. Our proposed TSV fabrication follows a different process instead,
namely via formation first, filling the vias with a solid nickel core by magnetic
assembly second, and formation of an insulation layer last. A detailed illustration
of the fabrication method is shown in Figure 5.1.

In the first step, illustrated in Figure 5.1a-d, the via holes are formed by litho-
graphic patterning and etching by DRIE, followed by a thermal oxidation step to
passivate the via side-walls. The second step, depicted in Figure 5.1e-g, starts by
deploying the nickel wires on the wafer surface (e). A permanent magnet on the
back-side of the substrate is then used to align the nickel wires perpendicularly to
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the surface (f) and the nickel wires are pulled into the via holes by moving the
magnet laterally (g). The gap between the nickel wire and the via hole is subse-
quently filled with BCB and cured in vacuum to prevent the formation of voids in
the insulation layer, as shown in Figure 5.1h. Finally, the excess BCB is ground off
the front-side and the via contacts can be established on both sides of the substrate,
shown in Figure 5.1i-k.
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Figure 5.1: TSV fabrication by magnetic assembly. a)-d) Via hole formation, including
patterning, via hole etching by DRIE, and thermal oxidation to passivate the via side-
walls. e)-g) Deployment of nickel wires and magnetic assembly, followed by h) filling and
curing of the BCB insulation layer. i)-k) Polishing and formation of front- and back-side
contact lines.

5.2.1 Automated magnetic assembly

To demonstrate the high-speed fabrication and up-scaling capabilities of the pro-
posed TSV fabrication method, an automated robotic magnetic assembly setup was
developed and built. The robotic setup, shown in Figure 5.2a, consists of a modified
wafer handler robot (Isel IWH-series) with two end effectors, one to pick-and-place
wafers from the cassette to the assembly stage and back, while the other is equipped
with a permanent magnet below and a camera directly above. The camera allows
for live inspection of the assembly process and is used to find and align the via holes
on the wafer. In Figure 5.2b, the typical filling speed of a non-optimized assembly
pattern is shown to achieve 100 % filling yield within 60 s to 80 s for an array of
100 via holes. This demonstrated the excellent yield and assembly speed that the
proposed TSV fabrication methods offers. Compared to many conventional metal
filling processes, such as electrodeposition of copper, which can take up to several
hours, the speed and simplicity of our process shows the potential to significantly
reduce the fabrication time and cost.
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Figure 5.2: a) Robotic magnetic assembly setup, consisting of a modified wafer handling
robot. b) Assembly speed experiments, demonstrating 100 % filling of a 10 × 10 via hole
array within 60 s to 80 s using a non-optimized assembly pattern.

To really compete with mass-production of TSVs, the magnetic assembly process
has to be up-scaled to wafer-level processing. Instead of using a single permanent
magnet to assemble the nickel wires, the process can be parallelized by using a large
number of magnets that cover the entire wafer area. Figure 5.3a shows a modified
robotic assembly arm that accepts four magnets in parallel. By using a more
optimized assembly pattern than in the initial experiment, the parallelized setup
achieved simultaneous filling of four TSV arrays within 16 s, reaching 100 % yield in
all four arrays, as presented in Figure 5.3b. This demonstrates the parallelization
capability of the magnetic assembly without sacrificing filling yield or assembly
speed. Achieving full wafer-scale processing is simply a matter of increasing the
number of magnets and placing them in a dense grid to cover the entire wafer area.
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Figure 5.3: Up-scaling to wafer-level processing by parallelization. a) Assembly robot
with four parallel magnets. b) Simultaneous assembly of four TSV arrays within 16 s with
100 % yield.
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5.2.2 TSV fabrication results

After the TSV fabrication, which was performed according to the magnetic assembly
process scheme presented in Figure 5.1, the quality and performance of the TSVs
was evaluated using different methods. For the experiments, mainly two different
sizes of TSVs were examined, as presented in Figure 5.4; the TSV in Figure 5.4a
features a 35 µm-thick nickel wire inside a 40 µm-wide via hole and a substrate
thickness of 325 µm, resulting in an aspect ratio of 8. Note that the seemingly non-
constant via diameter is caused by a slight tilt in the cross-sectional grind. Figure
5.4b depicts a very high aspect ratio TSV featuring a 15 µm-thick and 470 µm-long
nickel wire magnetically assembled into a 20 µm-wide via hole, which equates to
an aspect ratio of approximately 24. These results exemplify the capabilities of
the magnetic assembly process. By using a solid conductive core, the limitation
of a conventional metal deposition process can be avoided. Furthermore, the TSV
cross-sections are inspected for voids or cracks, which pose a difficult challenge for
many conventional TSV filling methods such as electrodeposition. The solid nickel
cores are inherently void-free and the BCB insulation layer is cured under vacuum
to prevent any void formation. A common problem for hard insulation materials
such as silicon oxide is crack formation in the substrate around TSVs due to the
difference in coefficient of thermal expansion (CTE) between the substrate and the
meal filling. This issue is alleviated due to the low Young’s Modulus of the BCB,
which acts like a buffer for thermo-mechanical stress. Thus, none of the examined
TSVs exhibited any sign of stress-induced cracks.

Aluminium
Nickel 

BCB

Silicon

Aluminium

(a)

100 µm

Nickel 

BCB

Silicon
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Figure 5.4: Cross-sections of magnetically assembled nickel TSVs: a) TSV with a via
hole diameter of 40 µm and an aspect ratio of 8. Note: the apparent variation in via
diameter is caused by a slight tilt of the cross-section. b) High aspect ratio TSV with a
via diameter of 20 µm and an aspect ratio of 24.
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To verify the electrical properties of fabricated TSVs, resistance measurements
were performed on daisy-chained vias. For this measurement, the vias were con-
nected on the back-side by a standard metallization and the front-side contacts
were used to measure the resistance of two TSVs in series. The average resistance
measured over 25 pairs of TSVs was 83 mΩ, including the contact metallization on
the front- and back-side. This indicates that the resistance of a single TSV lies
below 40 mΩ, which lies well within the typical range of TSV resistance.

5.3 Gold-coated nickel TSVs for high frequency applications

The magnetic assembly principle does not rely on a purely ferromagnetic wire,
which means that the nickel wires can be coated with other materials without
impeding the magnetic assembly process. This opens the possibility for coatings
and surface treatments of the nickel wires that can be tailored to the needs of
specific applications. In this section, we demonstrate the versatility of the magnetic
assembly by adapting the TSV fabrication for high frequency applications which
utilizes a bi-metallic gold-nickel wire to improve the conductivity of the TSVs.

In the field of high frequency applications, the development of high-performance
TSVs has been lagging behind and caused a bottleneck in circuit performance [125].
High frequency TSVs require highly conductive materials such as copper or gold
and low-κ insulation materials to achieve good signal transmission performance.
Additionally, high frequency applications often rely on high-density TSVs, which
makes this even more challenging. A variety of high frequency interconnections
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Figure 5.5: a) Electroplated nickel wire with 1.5 µm-thick gold layer. b)-d) modified
TSV fabrication process: b) Magnetic assembly of gold-covered nickel wires. c) BCB
filling and curing. d) Excess BCB grinding and formation of gold contacts on the front-
and back-side.
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have been proposed, including coplanar waveguide (CPW) transition by electro-
magnetic coupling [126], stacking of waveguide chips by gold bump bonding [127],
microstrip transitions by copper TSVs [128], coaxial copper TSVs [105], copper TSV
with polymer liner by laser ablation [129, 120], and high current Cu–Cu area-array
interconnections [130]. Most high frequency TSV concepts utilize electroplated
copper as conductive material and a thin insulation layer of silicon oxide or nitride
[125, 128, 131, 132, 133]. However, these approaches suffer from high parasitic
capacitances and rarely achieve via diameters below 150 µm, which limits the per-
formance and integration density.

In order to achieve a high performance and integration density, we utilize gold-
covered nickel wires and BCB, which acts as a low-κ insulation layer. A nickel wire
with a diameter of 35 µm is electroplated with a 1.5 µm-thick layer of gold, as shown
in Figure 5.5a. The gold layer thickness is chosen to be significantly larger than
the skin depth at the target frequency of 75 GHz. The TSV fabrication follows the
same process consisting of the magnetic assembly, shown in Figure 5.5b, BCB filling
and curing in Figure 5.5c, and front- and back-side metallization in Figure 5.5d,
with the exception that the contact metallization is made with gold. The overall
TSV diameter results in 42 µm, which is significantly smaller than most published
high frequency TSVs.

5.3.1 High frequency measurements of AuNi TSVs
The high frequency performance of the presented gold-coated nickel TSVs was eval-
uated on specifically fabricated test structures. The measurement structures, de-
picted in Figure 5.6a, consist of a coplanar waveguide (CPW) with incorporated
gold-coated nickel TSVs, fabricated in a high-resistivity silicon substrate. The CPW
signal line and each ground line are vertically connected with individual TSVs.
The cross-section of a fabricated device in Figure 5.6b shows the gold-coated nickel
TSVs with the BCB insulation layer, as well as the thin gold CPW on the front-
and back-side. The measurements were performed on the CPW contact on the
front-side of the wafer with the signal travelling from the front- to the back-side,
along a 2.45 mm-long CPW section on the back-side, and again to the front-side,
thus, passing through two sets of TSVs on the way. The measurement results, cap-
tured on an Agilent E8361A programmable network analyser are plotted in Figure
5.6c. The return loss of the entire CPW including two TSV transitions at the
nominal frequency of 75 GHz was measured to be better than 11 dB and the inser-
tion loss was better than 2.23 dB. Therefore, a single transition of the proposed
TSV features an insertion loss of 0.53 dB at 75 GHz, when the transmission line
loss is de-embedded. Moreover, the measured TSVs exhibit a very high bandwidth
from DC up to 86 GHz, which is wider than many reported high frequency TSVs
[131, 132, 133, 134]. Although a few reported TSVs exhibit a slightly higher band-
width of up to 110 GHz, they rarely achieve aspect ratios above 1 [127, 126]. Thus,
the presented high frequency TSVs have proven to be able to compete with compa-
rable TSV technologies in high frequency performance, while achieving significantly
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higher aspect ratios and, thus, more compact integration densities. Additionally,
the presented fabrication method offers a very fast and cost-effective process, ca-
pable of high-throughput manufacturing on wafer-scale.
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TSVs as vertical
interconnections
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Figure 5.6: High frequency TSV evaluation. a) Test structure consisting of a coplanar
waveguide (CPW) with two TSV transitions featuring three Au-Ni TSVs per transition.
b) Ground cross-section of a fabricated TSV test structure. The thin gold CPW can be
seen on the front- and back-side of the substrate. c) High frequency measurement results
showing the return and insertion losses. The TSVs exhibit a very high bandwidth from
dc to 86 GHz.



Chapter 6

Summary & Outlook

The aim of this thesis was to provide a comprehensive fabrication methodology
for heterogeneous 3D integration of nano-electromechanical systems (NEMS). This
work includes many different design and fabrication concepts in different disci-
plines within micro and nano technology. This final chapter summarizes the major
scientific contributions that were proposed in this thesis. While some of these con-
tributions can be viewed as standalone achievements, it is important to note, that
combined they form a complete fabrication method for heterogeneous 3D integra-
tion of NEMS devices.

Wafer bonding

The first adhesive bonding process using sub-200 nm intermediate bonding layers
on full wafer-scale was demonstrated. Based on this, a CMOS-compatible transfer
bonding method was developed which achieved >99 % yield and excellent bond
strength. This method also offers simple and well-controllable release capability by
oxygen plasma etching, which was used to fabricate free-standing NEM switches
without the need for critical point drying.

NEM switch circuits

A novel NEM switch concept was introduced in the framework of the NEMIAC
project. By employing amorphous carbon (a-C) as a contact material, a very high
reliability of more than 200 million switching cycles was demonstrated. A hetero-
geneous 3D integration concept was developed, enabling the fabrication of complex
NEM logic circuits directly on top of CMOS. Simple NEM switch logic circuits and
oscillators were successfully designed, fabricated, and measured. Furthermore, a
scaling study was conducted to confirm the potential of NEM switch logic to lower
the power consumption and increase the operation speed of ICs.

41
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Packaging

Two different packaging approaches for MEMS and NEMS were proposed. One
approach focused on highly hermetic vacuum packaging which was achieved by
low-temperature Cu-Cu bonding using a sealing structure consisting of a copper
ring and a lid with matching grooves. The second packaging approach targeted
cost-efficient fabrication and minimal impact on the fabrication process of the en-
capsulated devices. Simple glass lids and spray-coating of BCB were used to pack-
age various MEMS devices.

Through silicon vias (TSVs)

A novel fabrication method for high aspect ratio TSVs by magnetic assembly was
proposed. Magnetic assembly offers very fast and high throughput processing and
can easily be scaled to full wafer-level manufacturing. Pure nickel wires and gold-
coated nickel wires were used as via conductors and the measurements confirmed
excellent performance for both DC and high frequency applications.

Outlook
This thesis paved the way for fully CMOS-integrated NEM switch logic circuits for
ultra-low power computing applications. As summarized above, all the necessary
design and fabrication concepts were developed and demonstrated.

It was unfortunately outside the scope of this thesis project to perform measure-
ments on more complex NEM logic circuits directly on top of CMOS substrates.
However, this work is still ongoing and measurements of fully integrated NEM logic
circuits are expected in the near future.

To improve this technology even further, future research will have to focus
on lowering the actuation voltage of the NEM switches by miniaturization. This
will lower the power consumption and increase the operation speed of NEM logic
circuits. The intermediate bonding layer also has to be scaled to below 100 nm,
which enables increased integration densities by reducing the size of the anchor
vias. As shown in chapter 3.4, this will ultimately allow NEM switch logic to
exceed the performance of conventional CMOS and drastically reduce the power
consumption.
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