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Abstract

Obtaining both nanometer precision of patterning and parallel fabrication
on wafer-scale is currently not possible in conventional fabrication schemes.
Just as we are looking beyond semiconductor technologies for next-generation
electronics and photonics, our efforts turn to new ways of producing electronic
and photonic interfaces with the nanoscale. Nanogap electrodes, with their
accessible free-space and connection to electronic circuits, have attracted a lot
of attention recently as scaffolds to study, sense, or harness the smallest stable
structures found in nature: molecules. The main achievement of this thesis
is the development of a novel type of nanogap electrodes, the so called crack-
junction (CJ). Crack-junctions are unparalleled at realizing nanogap widths
smaller than 10 nm and can be fabricated based exclusively on conventional
wafer-scale microfabrication equipment and processes. These characteristics
of crack-junctions stem from the sequence of two entirely self-induced steps
participating in the formation of the nanogaps: 1./ a splitting step, during
which a pre-strained electrode-bridge structure fractures to generate two new
electrode surfaces facing one another, followed by 2./ a dividing step dur-
ing which mechanical relaxation of the elastic strain induces displacement
of these surfaces away from one another in a precisely controlled way. The
positions of the resulting nanogaps are precisely controlled by designing the
electrode-bridges with notched constrictions that localize crack formation.
Based on the crack-junction methodology, two continuation concepts are de-
veloped and demonstrated. In the first concept, the crack-junction method-
ology is extended to electrode materials that are ductile, rather than brittle.
This led to the development of a new type of break junction, the so called
crack-defined break junction (CDBJ). In the second concept, the crack-defined
nanogap structures realized by the crack-junction methodology are utilized as
a shadow mask for the fabrication of single nanowire devices. The optical-
lithography-compatible processes developed here to produce high-density ar-
rays of individually-adjusted crack-junctions, crack-defined break junctions,
and single-nanowire devices, provide viable solutions to bridge 10−9 nanoelec-
tronics and 109 giga manufacturing.

Keywords: nanotechnology, nanoelectronics, nanogap electrodes,
molecular electronics, nanoplasmonics, crack-junctions, break junc-
tions, nanowires, parallel fabrication, lithography, fracture, crack.
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LAYMAN: Although cracking traditionally refers to a type of mechan-
ical failure, the formation of cracks does not have to entail an actual exper-
imental failure. A crack forms when local forces overcome the strength of a
material and, as a result, splits the material in two. For most applications,
this is detrimental to the function the material fulfills because it disrupts
its mechanical or electrical properties. However, in some applications that
require two close, yet distinct, objects, these mechanical and electrical dis-
ruptions caused by crack formation can be used as positive features. For
example, the gaps created by cracks have characteristics that are difficult to
obtain with any other fabrication technique: a.) they are naturally small,
sometimes a few atoms wide, b.) they exhibit very high aspect ratios (length
vs width, depth vs width), c.) they form instantaneously and in parallel, d.)
they are naturally clean. Moreover, cracks are much easier to induce than to
prevent, which makes them easy to produce. In this thesis, I aimed at apply-
ing the unique properties of cracks to electrically conducting materials and
developed a way to produce nanoscale gaps between electrodes. I found that
the crack-junctions created this way could solve key technological challenges
currently faced in nanoscience.
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Sammanfattning

Även om sprickbildning oftast innebär ett mekaniskt misslyckande så be-
höver sprickbildning inte alltid innebära ett experimentfel. En spricka bildas
när lokala krafter övervinner materialets styrka och resulterar i att materialet
delas i två. För de flesta tillämpningar är detta skadligt för matrialets funk-
tion eftersom det påverkar dess mekaniska eller elektriska egenskaper. Denna
mekaniska och elektriska störning kan dock dutnyttjas på ett kontrollerat
sätt i vissa applikationer som kräver två nära, men tydliga objekt. Generellt
sett är sprickor lättare att framkalla än att förhindra, vilket gör dem relativt
lätta att tillverka, och de gap som skapas av sprickor har attraktiva egen-
skaper som är svåra att erhålla med någon annan tillverkningsteknik: a.) De
är naturligt små, ibland bara några atomer breda, b.) De uppvisar mycket
höga längd-mot-bredd och djup-mot-bredd proportioner, c.) de bildas ome-
delbart och parallellt, d.) De är naturligt rena. I denna avhandling beskriver
jag hur man kan tillämpa de unika egenskaperna hos sprickor i elektriskt le-
dande material samt utvecklingen av ett nytt sätt att producera elektroder
separerade av nanogap. Jag upptäckte att de elektriska övergångar, så kal-
lade tunnelövergångar som skapades på detta sätt, skulle kunna lösa viktiga
tekniska utmaningar som nanovetenskapen idag ställs inför. Sprickgenererade
tunnelövergångar har förutsättningar att möjliggöra nya, ännu ej undersökta,
experimentella konfigurationer för att utforska och utnyttja fysik på nano-
och molekylnivå.

Valentin Dubois, valentin.dubois@eecs.kth.se
Avdelningen för Mikro- och Nanosystem, Skolan för Elektroteknik och Data-
vetenskap, Kungliga Tekniska Högskolan, 100 44 Stockholm, Sverige
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“Adieu, dit le renard.
Voici mon secret. Il est très simple :

On ne voit bien qu’avec le cœur,
l’essentiel est invisible pour les yeux.”

Antoine de Saint-Exupéry, Le Petit Prince
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Structure and content of the thesis

This thesis is organized in eight chapters.
The first chapter introduces some of the future technologies that will be im-

portant driving forces in research fields within nanotechnology in the next decade.
Each of these technologies will find their way to the industry and general public
through the deployment of high-performance devices on a large scale. Before this
becomes possible, transformations will occur on a lower level, in the sub-components
that compose the devices. Most importantly, these sub-components will need to
have reproducible planar dimensions in the sub-10 nm, which is smaller than any
man-made nanostructure produced on a large-scale like the silicon transistor.

In the second chapter, a type of nanostructure is introduced which consists of
a pair of electrodes with a nanoscale gap, also called nanogap electrodes. Nanogap
electrodes hold a special place in the variety of nanostructures currently being
developed, for it is one of the most basic and functional. Any advance in producing
nanogap electrodes will have important ramifications for any of the future driving
technologies cited in Chapter 1, but will also provide a new window for exploring
physics at unprecedented reliability and accuracy.

The third chapter introduces and discusses the existing nanogap manufacturing
techniques that are used to fabricate nanogap electrodes. At the core of any fabri-
cation technique is the controlled creation of surfaces in solids. These surfaces give
matter the shapes that produce functional nanostructures. Specifically, the fabrica-
tion of nanogap electrodes requires the creation of two electrically conducting solids
facing one another, each featuring a well-defined surface delimiting the nanogap.
Any manufacturing technique necessarily fall into either etch-based, growth-based,
or splitting-based category. Another critical aspect to consider is whether a mask-
ing layer, or mask, is necessary to construct the final electronic surfaces of the
nanogap electrodes. Masking layers are indeed a key enabler to achieve scalable
manufacturing, but hinder the realization of reproducible sub-10 nm electrode sep-
arations.

The fourth chapter introduces the main conceptual and experimental achieve-
ment of this thesis: the development of a nanogap manufacturing technique to
form nanogap electrodes based on the controlled cracking of pre-strained nanoscale
bridge structures made of a brittle material. The nanogap electrodes formed this
way are called crack-junctions (CJs). Conceptually, the fabrication methodology

xv



xvi STRUCTURE AND CONTENT OF THE THESIS

relies on the sequence of two self-generated actions, a splitting and a dividing ac-
tion, that both stem from elastic strain. The splitting action generates new surface
by crack formation, while the dividing action displaces free surfaces by relaxation.
The key novelties achieved by this methodology concern the prediction and control
of the width of the nanogaps formed, as well as the compatibility with wafer-scale
processes for mass fabrication of nanogap-based electronic devices. In this thesis,
crack-junctions were fabricated with titanium nitride (TiN) as electrode material,
and hundreds of thousand of crack-junctions could be produced on wafer-scale, with
nanogaps ranging from 100 nm to sub-3 nm. Furthermore, TiN crack-junctions fea-
turing sub-3 nm gap were characterized electrically and 40% of junctions were found
to exhibit electron tunneling characteristics.

In the fifth chapter, a range of perspectives on the crack-junction methodology
is discussed, including potential opportunities for improvements and fundamental
limitations.

The sixth chapter introduces a new type of break junction, the so called crack-
defined break junction (CDBJ). The CDBJ methodology relies on the split-and-
divide process of crack-junctions for inducing a controlled pulling action on a duc-
tile metal fixated onto the brittle material. The mechanical pulling action triggers
the deformation of the ductile metal and formation of nanoscale ligaments. Upon
a sufficiently large pulling action, the ligaments further break and form pairs of
atomic-scale electrode tips. Based on this methodology, wafer-scale fabrication of
hundreds of thousand of gold break junctions is demonstrated, with fabrication den-
sities of 7 million junction per cm2 and fabrication yields exceeding 8% for obtaining
junctions featuring sub-3 nm gaps. High-resolution SEM imaging of crack-defined
break junctions reveals a high level of correlation between the electrical character-
ization and the morphology of the junctions formed.

The seventh chapter introduces a manufacturing technique based on a crack-
defined shadow mask for the fabrication of single nanowires. The methodology
relies on the split-and-divide process of crack-junctions to form nanogaps of well-
controlled dimensions in a shadow mask, after which a single evaporation step is
applied. This methodology produces electrically probable single nanowires, whose
width and length is defined by the length and width, respectively, of the crack-
defined nanogaps. Wafer-scale fabrication of the crack-defined shadow mask is
demonstrated, and formation of single nanowires featuring lengths of several hun-
dreds of nanometers, and widths below 20 nm. The SEM, AFM, and electrical
characterization confirms that the precisely tunable dimensions of the crack-defined
nanogaps are faithfully transferred to the nanowires.

In the eighth chapter, the main findings of this thesis are summarized and some
future prospects for the methodologies developed are considered.



Chapter 1

Motivation and background

1.1 Introduction

In the past 50 years, the speed of the technological progress achieved by the semi-
conductor industry has followed Moore’s law [1, 2]. The continuous pursuit of ever
smaller and faster electronic circuits, fueled by the growing needs of our digital so-
cieties, has led to the inauguration of the most sophisticated man-made structure:
the silicon transistor. The silicon transistor now empowers almost all electronic
devices such as smartphones, tablets, laptops, servers, and other connected devices
that support and accompany us in our daily lives. While the computational power
and efficiency of our electronic devices improved dramatically as the result of this
technological progress, it was mainly the consequence of brute force dimensional
downscaling. As we are entering the newest node with critical dimensions of the
order of 10 nm, the traditional downscaling strategy shows clear signs of struggle,
for this is a range within which conventional patterning becomes exponentially ex-
pensive and no other fabrication technique can readily take over. Therefore, it is
expected that the conventional downscaling scheme by masking and etching, which
has been the main driver of the semiconductor industry, will lose momentum and
other paradigms will be developed [3].

A series of theoretical and experimental advances have laid out the foundations
of what could be the next-generation electronics based on the smallest and most
accurate and reproducible building blocks found in nature: molecules [4, 5]. These
scientific breakthroughs in molecular electronics, propelled by synergies between
theorists and experimentalists, have been made possible through novel tools al-
lowing unprecedented atomic-scale control. However, although indispensable for
research, these experimental tools are inappropriate for making practical devices.
This situation is symptomatic of a common technological obstacle faced in adjacent
fields of nanoscience that have become sufficiently established to initiate a transi-
tion toward commercial applications, but lack a fabrication platform to achieve
sufficiently small patterning resolution for large numbers of devices simultaneously.

1
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Thus, before the far-reaching conceptual advances of molecular-level electronics
become reality, this technological ‘gap’ will need to be bridged. This will necessi-
tate the development of new fabrication techniques that demonstrate incremental
improvements in patterning precision at the nanoscale level, while maintaining com-
patibility with the mass-fabrication and integration platforms developed so far.

Other potential driving forces also have to be found not only in what makes
these electronics more performant, but in what adds functionalities to them [6].
Ultimately, we would like electronic chips to contain functionalities more diverse
than just the computing power and memory that are needed to perform the basic
tasks of our electronics devices. Added functions such as environmental and bio-
logical sensing for prevention of accidents and monitoring our health are expected
to become increasingly important and will give new directions to industrial and
academic research.

Here, three future areas are reported which are representative of the opportu-
nities and challenges associated with the fabrication of high performance electronic
devices composed of nanoscale building blocks [7]. Although the listed technologies
have multi-disciplinary facets (including biological, system design, signal process-
ing, ethical, to name a few), only the nanotechnology aspect will be touched upon.

1.2 Societal drivers for the future of nanotechnology and
nanoelectronics

1.2.1 Internet of Things (IoT)

The popular concept of the Internet of Things (IoT) is that of a ‘swarm’ of connected
devices, in the dozens of devices per person (i.e. for a total of dozens to hundreds of
billion devices), deployed to monitor us and our environment continuously. The IoT
is one of the most fast-growing markets worldwide as it has applications in almost
all practical aspects of our societies such as healthcare, home, transportation, power
management, renewable and non-renewable energies, and manufacturing [8, 9, 10,
11, 12].

The IoT is the embodiment of the need to mass-produce electronic devices that
are more than just processors. Each ‘thing’ is a unit that can remotely perform a
specific action, including, but not limited to, sensing of temperature, sound, gas,
chemicals, humidity, strain, acceleration, light, and electric and magnetic fields.
These envisioned functionalities will find their way to the public consumers and
the industry through the fabrication and distribution of high-performance devices
on a large scale, each containing multiple sensing functions. Not only need the
devices to accommodate many functionalities but, in some instances, the required
level of sensitivity must be very high. While such high-performance sensors already
exist, the challenge is to maintain their level of performance at a fraction of the form
factor and power consumption, and to integrate them with the network connectivity
electronics [13, 14].
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1.2.2 DNA sequencing

Less well-known to the public than is the IoT, sequencing technologies are under-
going progress faster than Moore’s law [15, 16, 17, 18, 19]. It took about 13 years
and US$3 billion to sequence the first whole genome [20]. Now, anyone can be
sequenced for about US$1000 in a matter of days [15]. Yet, this giant advance
in cost-effectiveness is only a start. The common view on sequencing is that we
get information on our ancestors and potential genetic diseases. The potential of
sequencing is clearly far beyond [12]. For example, sequencing is expected to play
a major role in personalized medicine [21] as a doctor’s daily routine to check the
overall health of patients. At the end of each consultation, the prescription given
by the doctor will fit precisely the patient’s own DNA, accounting for hundreds of
biological factors that are currently missed. In practice, it is expected that treat-
ment of serious and daily illnesses will be improved dramatically, by enhancing the
effectiveness of drugs while minimizing their potential risks and side effects. Fur-
thermore, serious illnesses will be detected months or years earlier than used to
be possible. Cancer patients may be sequenced several times during treatments.
During a life-time, everyone may be sequenced hundreds of times.

Current sequencing methods are not yet suitable to be implemented for large-
scale practice. The price and time-to-result remains too high still to even carry out
the extensive research needed to take steps toward personalized medicine. DNA
sequencing needs a reduction in price and time-to-result by at least another two
orders of magnitude. Moreover, current state-of-the-art sequencers are voluminous
(∼a cubic meter), require a continuous supply of reagents, and have a unit price in
the range of hundreds of thousands of dollars, which is not suitable for point-of-care
applications, at the doctor’s office or at the hospital.

Ideally, one would extract a strand of DNA and read its sequence directly, with-
out having to rely on indirect optical methods that are based on large amounts of
DNA molecules, and that are intrinsically slow and necessitate expensive mainte-
nance and high reagents costs. However, direct detection of a DNA molecule and
its sequence is a technical challenge. In fact, DNA is the densest known form of
memory. Each of the 3 billion bases that constitute each human genome are con-
tained in less than 1 nm3. Yet, despite the technical challenge, several approaches
hint at the possibility to realize direct sequencing on single molecules of DNA
[22, 23] with promises of full-genome sequencing in a matter of minutes. Some of
these techniques are based on solid-state [24], rather than biological, architectures,
exploiting the full potential of the sophisticated microfabrication equipment devel-
oped by the semiconductor industry. A method for direct single-molecule decoding
of DNA strands could also prove suitable for RNA and peptide sequencing, and the
detection of various chemical modifications, such as methylation [23].
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1.2.3 Computing and memory

The challenges of the IoT and DNA sequencing are not limited to the sensing units.
Important challenges lie in other sub-components present alongside the sensing
units on the chips and in the massive electronic infrastructure that allow processing,
storage, and transport of the data generated by these devices. For example, DNA
sequencing is expected to generate more data per year than both the entire field
of astronomy and Youtube combined [25]. Storing and analyzing this data will
require a new electronic infrastructure that is more performant and less energy
consuming, and which does not need to be replaced every decade. Other more
fundamental challenges concern the computational power required to simulate very
complex systems that are key to understanding many central intractable puzzles
in science. One such example are proteins, one of the building blocks of life, and
interactions between proteins and other biological and chemical species. The most
powerful super-computers can simulate about 1 µs in the life of a protein in a
day. Yet, biological interactions are known to occur on much longer timescales,
in the range of milliseconds [26]. Furthermore, with announcements concerning
missions to colonize Mars, space exploration will be a major driver in the future.
New electronic components that are more stable and resilient to temperature and
radiation will be needed in spacecrafts.

Thus, deep transformations will need to occur in sub-fields of nanoscience, and
more specifically in nano-electronics and nano-optics. Memories storing the data
must be more energy-efficient and pack more data per unit volume. The processing
units must be able to solve complex simulations more quickly. While these hardware
upgrades will certainly need to build on present-day microfabrication platforms, it
will be necessary to enter a new realm of patterning resolutions, deep in the sub-10
nm range, and fabricate building blocks with near atomic accuracy. Therefore, we
will need to depart from the conventional manufacturing schemes and electronic
devices, and explore new paradigms [27, 28].

In one promising track, called molecular electronics, silicon transistors are sub-
stituted with molecules [4, 5]. Molecules constitute the smallest stable structures
conceivable. Thus, in the race to produce identical building blocks with atomic
accuracy, molecules are the ultimate limit. The idea of molecular electronics is to
consider the trillions of molecules synthesized chemically in a solution as equally
many individual and potentially usable transistors. Molecules have the great advan-
tages of being fabricated with atomic precision, and cheaply in a massively parallel
fashion using chemical reactions. By integrating molecules on chip, we could envi-
sion soft electronic circuits featuring ultimate density and performance. However,
molecules in solutions are unbound, drifting erratically. Thus, if we are to integrate
them into solid-state devices, we will need to place them in contact with a scaffold
of nanoscale structures capable of embedding and making a stable mechanical and
electrical contact with each and every molecule. The fabrication of nanocontacts
featuring sub-3 nm gaps and assembly of molecules in the nanocontacts represent
a key experimental challenge towards molecular-based computing and memories.
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In another track, silicon transistors could be replaced by mechanical counter-
parts [29, 30, 31]. Considering the recent developments in microfabrication, me-
chanical switches emerge as a serious alternative to conventional silicon transistors
in space and energy-critical applications. There are several reasons for this. First,
a mechanical switch has an infinite sub-threshold slope and consumes zero power
while idle, which is promising in energy sensitive applications. Second, the me-
chanical switch is temperature and radiation resistant, which makes it suitable in
harsh operating conditions. Third, the mechanical switch exhibits hysteresis upon
contact, which is a promising feature for non-volatile memory or programmable
applications. However, considering the technological advance that the silicon tran-
sistor has gained over NEMS technologies, the mechanical switch needs a major
boost to be competitive. This could be achieved through the development of new
fabrication methods to pattern the electrostatic and contact gaps for the mechanical
switches with sub-10 nm dimensions.

The world of quantum computing [32, 33] challenges perhaps even more our
preconceptions of conventional electronics than the soft molecular electronics or
the moving mechanical computing do. Quantum computing holds the potential
for dealing with the most intractable simulation challenges. For some particularly
computationally complex tasks, such as some simulations of quantum phenomenon
or breaking of security encryption, quantum computers are expected to be expo-
nentially faster than our classical digital computers [34]. There is presently a race
to demonstrate quantum supremacy, which is currently believed to be reached for
a quantum computer consisting of more than about 50 Qubits, but only for some
very specific tasks. However, the fabrication and operation of Qubits is highly sen-
sitive to any source of structural imperfection and noise, respectively, which makes
the technological implementation of quantum computers very difficult, from the
nanofabrication of the Qubit to the shielding from the environment. Unlocking the
full potential of quantum computing would require making computers consisting of
millions of Qubits, and would necessitate nanofabrication with near atomic accu-
racy on a large wafer-level area, which is far beyond what is currently possible even
with the most advanced manufacturing techniques.





Chapter 2

Nanogap electrodes

2.1 From device to nanostructure

An electronic device is composed of an ensemble of sub-components, or units, that
perform specific tasks from which derive the core function of the device. Each
‘Thing’ of the IoT consists of an ensemble of sensing units for detecting accelera-
tion, temperature, pressure, and strain, that can e.g. monitor us and our heartbeat,
footsteps, sleeping, etc. Our smartphones or laptops are composed of computing
and memory units that execute the jobs of software, apps, videos, web-browsing,
etc. Looking beyond, these units are composed of ensembles of even smaller sub-
units arranged in systems and circuits. These sub-units, which are the fundamental
building blocks of electronic devices, typically have some dimensions that are be-
low a micron, and are thus called nanostructures. Presently, the best-known of
nanostructures is the silicon transistor.

The trend for these nanostructures is to make them as small as possible. The
reduced footprint allows for an increased density of nanostructures, and ultimately
more nanostructures packed in a device. Having more nanostructures is translated
into devices that are more powerful (e.g. more transistors makes a processor able
to handle more tasks simultaneously) and that pack more functionalities (e.g. ac-
celerometer for detecting the rotational or translational displacement of an object,
gas sensor for detecting potentially harmful gases in the environment or detecting
traces of chemical species in the breath that are signature of a specific disease).
At the same time, the speed and energy consumption of nanostructures typically
benefit from a decreased size since the electrons move and interact over smaller
distances.

2.2 A basic type of nanostructure: nanogap electrodes

Among the great many nanostructures currently being used in nanotechnology,
one of the most basic is that consisting of two electrically conducting materials

7
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Figure 2.1: Schematic illustration in cross-sectional view of an electrode pattern. An
electrode pattern exhibits solid-air interfaces, or surfaces, that localize a certain number of
atoms on the outer most part of the electrode material, which, in turn, define an electron
cloud surface where various interactions, shown in Figure 2.3, typically occur.

separated by a nanoscale gap, also known as nanogap electrodes. By electrode is
meant a pattern, on a substrate, of an electrically conducting material that is readily
connectable to external or on-chip electronics. By nanogap, we refer to a nanoscale
volume of air or vacuum. The surfaces of the electrode delimiting the nanogap
are called the facing electrode surfaces. The distance separating the electrodes are
called the nanogap width (or gapwidth), or electrode separation. The rest of the
electrodes is called electrode structure. Examples of electrode pattern and nanogap
electrodes are illustrated in Figure 2.1 and 2.2, respectively.

Nanogap electrodes differ from metal nanoparticles, such as metal colloids [35,
36], whose surface potential cannot be controlled due to the difficulty to form an in-
dividual electrical contact for each and every nanoparticle. Nanogap electrodes also
differ from solid-state metal-oxide-metal (MIM) junctions that have fixed, rather
than mechanically adjustable, gapwidth, and that do not have free accessible space
to accommodate nanoscale objects between the electrodes [37]. The combination
of these two characteristics sets nanogap electrodes apart as a key research tool
in nanoscience to explore and harness electron transport mechanisms and light-
matter interactions on a wide range of nanoscale solid-state or biological materials.
In contrast to other more fundamental investigation tools, such as the scanning
tunneling microscope (STM) [38, 39], nanogap electrodes constitute both a tool for
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Figure 2.2: a) Perspective view illustration of a nanogap electrode structure. b) Close-
up schematic illustration of the nanogap area showing the three essential components
constituting nanogap electrodes: two electronic surfaces, that each defines a free-electron
cloud surface, and a nanogap, which sets the distance between the electronic surfaces, and
defines a free accessible space where external nano-objects can come and interact with the
electronic surfaces.

carrying out fundamental research, and a device that can be integrated for practical
electronics. Therefore, any increment in improvement of precision or scalability to
manufacture nanogap electrodes will be instrumental to both fundamental research
and commercialization efforts, as introduced in Chapter 1.

2.3 Fields and applications of nanogap electrodes

The axiom the device is the interface (Herbert Kroemer, Nobel lecture, 2000) has
an equivalent for nanogap electrodes: the device is the surface. Applications that
rely on nanogap electrodes all have in common the need for two very close yet
physically separated electrode-air interfaces, or surfaces, each sustaining a free-
electron gas cloud that is readily controllable by on-chip or off-chip electronics.
Here, I classify the applications for nanogap electrodes by the function of the facing
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electrode surfaces during device operation. Broadly speaking, the electrode surfaces
provide interfaces for electronic, photonic, and mechanical interactions, as well as
combinations of each, as illustrated in Figure 2.3. The electronic interaction grants
control of the charge transport from one electrode to the other via adjustment of the
surface potential. For this type of interfacing, each electrode can be seen as a simple
extension of a metallic lead, the two of which happen to be brought in very close
proximity with one another. The photonic interaction allows for incident photons to
couple with the free-electron plasma of the electrodes and generate surface plasmon
polaritons that have the ability to greatly enhance the electric field in the nanogap.
Finally, the mechanical interaction provides the possibility for the electrode surfaces
to be displaced mechanically for tuning the electrode separation. This is possible
thanks to the presence of the gap, in contrast to electrodes that are physically
separated by a solid material, and works only for electrodes that are free-standing.
Also thanks to the presence of the unoccupied space in between the electrodes,
nano-objects can come in the gap and either firmly anchor to the electrode surfaces
by bonding to them, or simply pass through the gap without bonding.

The most prominent utilization of nanogap electrodes is in molecular electron-
ics [4, 5]. Molecular junctions have applications as resistors, transistors, memory,
rectifiers, and chemical sensors [4, 40, 41]. The function of the molecular junction
depends, among other things, on the choice of the molecule, which defines the elec-
trode separation that needs to be formed. In most cases in molecular electronics,
molecules are less than 10 nm in length. Consequently, the nanogap widths also
need to be sub-10 nm. Moreover, making a robust molecular junction requires
having strong anchoring of molecules between the electrodes. This is commonly
done via chemisorption with covalent bonding, by selecting a suitable electrode
material (e.g. gold, platinum, carbon) and functional group for the molecules (e.g.
thiol, amine). In this configuration, nanogap electrodes are also used in molecular
spintronics [42], when either the nano-objects or the electrode material exhibits
magnetism. For these applications in molecular electronics, nanogap electrodes can
be seen as a scaffold of pairs of nanocontacts for embedding and driving individual
molecules.

Nanogap electrodes are used as electrical biosensors for applications that trans-
duce biomolecular interactions into electronic signals such as label-free through-
molecule measurements, and labeled recognition events for sensing the capture of
known biomolecules, such as bio-markers. For applications that aim at detecting
or identifying specific molecules trapped in the gaps, nanogap electrodes also pro-
vide additional surface-enhanced Raman spectroscopy (SERS) capabilities, which
allows for the optical detection of biochemical composition of biological materials
[43, 44](requires gaps larger than 3 nm to avoid tunneling). Alternatively, when
biomolecules are free-moving, nanogap electrodes are used as biosensors in DNA,
RNA or peptide sequencing based on quantum electron tunneling [23] and SERS
[45]. Nanogap electrodes can also provide electrical transduction for the detection
of gas [46] or light [47, 48] by placing solid-state nano-objects in the nanogaps with
specific surface or bulk properties such as metal or metal-oxide nanoparticles.
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Nanogap electrodes also have important applications without molecules or nano-
objects trapped in the nanogaps. Such applications use the free-space of the nano-
gap simply as a natural electrical barrier. In this case, nanogap electrodes can be
used as vacuum transistors at room temperature [49] (requires gaps larger than
3 nm to avoid tunneling), or as superconductive tunneling junctions at cryogenic
temperatures [50, 51], provided the electrode material is superconductive (requires
sub-3 nm gaps). When the mechanical tunability is used, nanogap electrodes have
applications in tunable plasmonics or as nano-electromechanical devices [29, 30, 31]
(requires gaps larger than 3 nm to avoid tunneling). In such applications, the
electrodes need to be free-standing.
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Figure 2.3: Schematics illustrating the range of interactions taking place at the fac-
ing electrode surfaces of nanogap electrodes. a-c) Electronic, photonic, and mechanical
interactions. Many applications rely not just on one, but a combination of these three
interfaces. d) Nanogap electrodes further allow for molecules and nanoparticles to come
and interact with each interface. e) Compact cross-sectional view summarizing the main
applications of nanogap electrodes.



Chapter 3

Fabrication of nanogap electrodes

3.1 Introduction

The functionality and performance of the nanogap electrode-based devices cited
previously critically depend on how accurate the facing electrode surfaces, where
the physics of interest take place, are defined. Consequently, the manufacturing
techniques which produce these electrode surfaces play an essential role for the
realization of nanogap electronics on wafer-scale.

Producing nanostructures, such as nanogap electrodes, is all about the creation
of well-defined solid-air interfaces, or surfaces, in materials. A nanostructure con-
sists of an ensemble of nanoscale volumes of different materials that are put together
to assume and deliver a specific function. The function is set by the individual or
combined electrical (including magnetic), optical, and mechanical properties, as
well as the individual shape(s) of the nanoscale material(s) that constitutes the
nanostructure. The shape is defined as the geometrical arrangement of the atoms.
This arrangement is the result of a sequence of processing steps participating in
the fabrication of the nanostructure (nanofabrication). Processing steps typically
involve the deposition on a substrate of one or several materials featuring targeted
properties (e.g. electrical), and the creation of positioned surfaces within the ma-
terial(s). The creation of the surfaces is generally performed after deposition, but
may also occur during material deposition. A typical nanostructure may require
a dozen of such processing steps, while some particularly complex nanostructures,
such as the silicon transistor, may involve hundreds.

Nanogap electrodes are fabricated on substrates via nanofabrication techniques
such as optical and electron beam lithography, focused ion beam patterning, electro-
chemical deposition, shadow evaporation, and break junction techniques [28, 41, 52].
All these nanofabrication technologies have severe limitations for achieving repro-
ducible nanogap electrodes due to an inevitable atomic and nanoscale roughness.
This roughness is the result of the stochastic nature of the various atomic-scale
processes that take part in the formation of the final electrode surfaces. Not only

13
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are nanogap electrodes not reproducible, but to achieve a sufficiently high level
of process control to realize gaps that are 10 nm-wide or smaller, most nanofab-
rication techniques require time-consuming and serial processes, such as ion or
electron-based lithography or break-junction techniques. This is symptomatic of a
great challenge faced by many sub-fields of nanoscience that are sufficiently mature
to initiate a transition toward practical devices but are presently hindered by the
lack of scalable techniques for achieving sub-10 nm gaps. Unlike in fundamental
research, for which making individual junctions using time-consuming procedures
with low yield is tolerable, the realization of practical commercial devices requires
fabricating integrated arrays of robust, reproducible, as well as structurally- and
electronically-controlled junctions. Furthermore, before the far-reaching applica-
tions envisioned for sub-10 nm nanogap electronics turn into actual commercial
devices, progress is needed on the more fundamental side. In fundamental research
too, the need for a scalable technique to fabricate reproducible junctions is crit-
ical since unreliable junctions are currently responsible for experimental artifacts
and for intra- and inter-laboratory irreproducibility, which undermines electronic
molecular- and atomic-scale science [53]. Thus, there is a great need to improve
existing nanogap fabrication techniques, or develop entirely new ones, to reach the
scalable and reproducible fabrication of nanogap electrodes with gaps smaller than
10 nm.

Behind the term scalable is the cost-efficient mass production (giga manufac-
turing) of nanostructures. In today’s technological context of the silicon transistor,
this means relying on the range of sophisticated tools to grow crystalline silicon
wafers, deposit thin films on wafers with near atomic control, and pattern these
thin films with dense planar features in the tens of nanometers using photolithog-
raphy and plasma technologies. Using such massively developed equipment and
process recipes is key to a rapid transition to the next-generation electronic de-
vices. However, the state-of-the-art photolithography tools, such as EUV and 193
immersion steppers, are prohibitively expensive for academic research use. More-
over, reproducible patterning of 10 nm nanogaps, let alone of nanogaps smaller than
10 nm, is currently beyond reach of the conventional techniques used by the semi-
conductor industry. Thus, aiming at the scalable fabrication of sub-10 nm nanogaps
with potential for downscaling to sub-5 nm will inevitably require combining con-
ventional wafer-scale processes, to leverage the CMOS technology that achieves the
giga manufacturing and provide the integration platform, with one or several less
conventional processes, to form or finalize nanogap electrodes. These unconven-
tional processes, which have received much less, if any, industrial momentum, have
severe limitations in how scalable, accurate and controllable the fabrication of the
electrode nanogaps can be made.
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3.2 Manufacturing challenges

Most techniques that generate vertical surfaces in thin films, such as those of nano-
gap electrodes, involve not just one, but a series of process steps. Ultimately, only
one of these process steps is responsible for forming the final facing electrode sur-
faces that will deliver the desired function for the nanogap electrode-based device.
However, other process steps participating in the fabrication also are critically im-
portant to realize well-defined facing electrode surfaces. Fabricating large numbers
of nanogap electrodes featuring structurally and electronically reproducible prop-
erties involves three main manufacturing challenges, illustrated in Figure 3.1.

Challenge 3: 
Manufacturing scalability

Challenge 2: 
Electrode separation

Challenge 1: 
Facing electrode surfaces

· low atomic-scale roughness

· sub-10 nm separation
· high reliability

· 105 - 109 devices per cm2

· high throughput 

Figure 3.1: Illustration of the three main manufacturing challenges in the fabrication of
nanogap electrodes.

• Challenge 1: forming facing electrode surfaces with low atomic-
scale roughness. The structural and electronic properties of nanogap elec-
trodes are very sensitive to the atomic-scale roughness of the facing electrodes.
Atomic-scale roughness creates a different landscape for each of the electrode
surfaces which affects in unpredictable ways the structural stability, the ef-
fective work functions of the electrodes, and the tunneling cross-sections, to
name a few. Low atomic-scale roughness is also a pre-requisite for obtain-
ing reproducible electrode separations in case of junctions that are static, for
which the electrode separation is fixed. The atomic-scale roughness is the re-
sult of a number of atomistic processes involved in the formation of the final
electrode surfaces. For example, if the facing electrode surfaces are defined by
subtraction of electrode material via plasma etching, or by selective addition
of electrode material via evaporation, a number of key processes (plasma:
Knudsen transport, plasma-polymer and plasma-thin film interactions, lo-
cal flux of plasma gas species, etc; evaporation: deposition flux, surface and
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bulk diffusion rates, atomic shadowing, etc) will prevent the formation of
atomically-smooth surfaces. This challenge of low atomic-scale roughness is
even more pronounced in nanogap electrodes that feature atomically-sharp
electrode tips, for which the smallest critical feature is not the electrode sep-
aration but the apex of the tips.

• Challenge 2: defining electrode separations with nanometer accu-
racy. Proper functioning of nanogap electrode devices is also extremely
sensitive to the electrode separation. Even for nanogap electrodes featur-
ing atomically-accurate facing electrode surfaces, obtaining well-defined, pre-
dictable, and controllable electrode separations is a challenging experimental
task. For example, nanogap electrodes used as a scaffold of nanocontacts for
forming molecular junctions must achieve a well-defined nanogap width, since
if too large, no molecule will be able to bridge the electrodes for forming molec-
ular junctions. Since electrode separation is typically the smallest feature size
that needs to be resolved in the nanostructure (excluding nanogap electrodes
featuring atomically-sharp tips), a nanogap manufacturing technique should
ideally achieve a critical dimension (CD) that is at least as small as the
electrode separation (the CD of a manufacturing technique is the smallest
dimension that can be patterned at reasonable manufacturing reproducibil-
ity; below that dimension, the reproducibility drops abruptly). This implies
that, at this dimension, the feature-to-feature variation achieved by the ma-
nufacturing technique must be low. In other words, the high-wavelength
component of edge roughness, which affects the surface placement, must be
low. However, presently, no industrial manufacturing technique achieves di-
rect patterning at sub-10 nm CD. Even if a technique could achieve sub-10
nm linewidth with very high reproducibility, it is not directly applicable to
nanogap fabrication, which is the negative pattern. Furthermore, unlike for
the atomic-scale roughness, the high-wavelength component of the roughness
can only be improved through a localized position-specific intervention, and
thereby cannot be tackled with highly scalable processes such as thermal and
plasma treatments.

• Challenge 3: cost-efficient giga-manufacturing of nanostructures.
Traditionally, a technique is said to be truly scalable when the time-to-
fabricate is independent of the density of patterns. Rather than in terms
of patterns (or, equivalently, number of nanostructures), scalability will be
analyzed here in terms of surfaces. While conventional masking and etching
based on photolithography is considered truly scalable, e-beam lithography
is not since the exposure of the mask is linearly dependent on the amount
of surface that needs to be formed. A technique used to form the electrode
structure for all nanogap electrodes present on a wafer must inevitably achieve
simultaneous creation of surface. This is because no serial technique can cre-
ate surfaces with sufficient speed to achieve the cost-efficient giga manufac-
turing, which involves patterning of tens to hundreds of kilometers per chip.



3.2. MANUFACTURING CHALLENGES 17

In principle, techniques that claim parallel formation of new surfaces may be
considered intrinsically faster compared to techniques that form equivalent
surfaces serially. This is however not always the case, since some techniques
that achieve parallel fabrication form only a few surfaces simultaneously and
require time-consuming processes that make them effectively slower than some
serial, yet faster, techniques. Other self-generated techniques can form new
surfaces instantaneously and in a massively parallel fashion without manifest
limitation in speed or parallelism. Concerning the fabrication of nanogap elec-
trodes, an important aspect is that not all the surfaces of the nanostructure
are equivalent. The electrode structures simply confine the lateral dimensions
for obtaining dense arrays of junctions and provide electrical connections to
on-chip or off-chip wiring and electronics. In contrast to the facing electrode
surfaces that delimit the nanogaps, a precise control over the spatial distri-
bution of atoms defining the surfaces is not critical in case of the electrode
structures. In this way, the electrode structures can be defined using less
accurate but more scalable techniques, thereby relaxing the requirements on
the speed of surface creation for forming the facing electrode surfaces. Ide-
ally, the chosen nanogap manufacturing technique should be compatible with
conventional microfabrication techniques to maintain the full scalability for
giga manufacturing and integration on wafer-scale.

Some techniques are superior than others at some of the challenges, but no
technique currently tackles all three challenges simultaneously.

Nanogap manufacturing techniques for fabrication of nanogap electrodes are
best classified with respect to two aspects, illustrated in Figure 3.2. The first
aspect is whether a manufacturing technique relies on a masking layer or not. This is
because the use of masking layers, or masks, is the single most important factor that
influences all three manufacturing challenges. In masking is the idea of concealing
surfaces from external particles. Mask-based techniques create new surfaces by
placing the masking layer in the path of incident particles that are directed toward
the wafer surface. The presence of the masking material blocks the particles, and
only the particles that have not been blocked can interact with the material present
on the substrate to add or remove atoms where we want the new surfaces to be
created. It is this massively parallel interaction that replicates all the surfaces
present in the mask into another material in a very efficient fashion. Ultimately,
this surface formation mechanism is also the source of the biggest drawback for
defining sub-10 nm nanogaps, as discussed in section 3.4. The second aspect is
the nature of the physical process involved in the formation of the facing electrode
surfaces that delimit the nanogaps. Atoms can be deposited in a way that a material
is automatically shaped with a given set of new surfaces (additive techniques).
Atoms can be removed from an existing material to define new surfaces (subtractive
techniques). Inter-atomic bonds can be broken within an existing material to define
new surfaces (splitting techniques). The surfaces of any nanostructure, whether it
is a chemically synthesized nanoparticle or an electrode patterned by masking and
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etching, are created from at least one of these three basic steps. By extension,
each of the facing electrode surfaces of nanogap electrodes must necessarily be
formed using one of these fundamental steps. From these steps also come physical
limitations in how accurately the facing electrode surfaces can ultimately be defined.
Naturally, a combination of two or more surface creation steps is also possible,
which is the origin of the many variations in fabrication techniques. Therefore,
techniques can further be classified as subtractive techniques, additive techniques,
and splitting techniques. Splitting techniques, however, form new surfaces without
external particles, and therefore intrinsically do not require a masking layer.

Beam

Substrate
Elect. layer

Target

Substrate
Elect.                          layer

Mask

Substrate
Elect. layer

Figure 3.2: Cross-sectional views summarizing the main approaches for nanogap manu-
facturing: mask- or non-mask-based, as well as additive-, subtractive-, and conservation-
based (splitting) techniques.

3.3 Available nanogap manufacturing techniques

Here, a list of available nanogap manufacturing techniques is given, classified by 1./
whether the facing electrode surfaces have been formed by pattern-transfer from
surfaces in a mask, and 2./ the physical process that ultimately defines the facing
electrode surfaces.

• Mask-based techniques: The general principle of surface creation by mask-
ing relies on the ability to fabricate corresponding surfaces in a polymer ma-
terial where surface creation is significantly easier. Once the desired surfaces
are defined in the polymer layer, they are subsequently replicated in the elec-
trode material all at once via a global (potentially wafer-scalable) etching or
deposition process. After this pattern-transfer step, the polymer is removed,
as its sole purpose was to mask areas of the thin film from the etching and
deposition processes.
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– Techniques to produce surfaces in mask:
∗ Subtractive: electron and helium beam lithography [54], optical
lithography [55], scanning probe lithography [56];

∗ Conservation: imprint lithography [57];
– Techniques to transfer surfaces of mask into electrode material
[58, 59, 60]:

∗ Subtractive: plasma etching, ion beam etching, wet chemical etch-
ing;

∗ Additive: evaporation (shadow masking [61, 62]);

• Non-mask-based techniques [54, 41, 52]:

– Subtractive: focused ion beam etching [63, 64], sacrificial etching [65, 66],
electromigrated breakdown [67, 68];

– Additive: gap narrowing by focused ion and electron beam induced de-
position [69], evaporation [70], electro-chemical deposition [71, 72, 73];

– Conservation: brittle splitting (crack formation) [47, 74, 75, 76], ductile
splitting (MCBJ) [77].

3.4 Discussion and conclusion on nanogap manufacturing
techniques

The advantage of using a mask is that it allows for the use of particle sources in
the process of creating new surfaces in a thin film. These particle sources emit
a flux of particles which is high-density and uniform across large area. The inci-
dent particles interact with all uncovered parts of the wafer area simultaneously,
thereby forming new surfaces in a thin film in a highly-parallel fashion, whereby
each incident particle effectively contributes to the formation of a certain amount
of new surface. For example, in case of a photomask, the particles are photons; the
photons are emitted from a lamp which covers a chip-sized area in steppers and
a wafer-sized area in mask aligner, thereby allowing the exposure and subsequent
structuring (with a developing solution) of photosensitive resist on wafer-scale. In
case of a resist mask, the particles are reactive species; these reactive species are
produced inside the chamber of plasma etchers and cover wafer areas, which allows
simultaneous etching on wafer-scale. In case of a shadow mask, the particles are
atoms; these atoms are typically emitted from an evaporated or sputtered target
that can emit atoms over wafer areas, which allows for the simultaneous formation
of patterns on wafer-scale.

However, the reason that makes masking-based techniques scalable (i.e. they
can produce new surface in a truly scalable fashion), is the source of their main
limitation towards achieving well-controlled sub-10 nm features. First, because
these particle sources do not control the position of the individual particles emitted
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(in contrast to e.g. focused beams), the particles (photons, reactive species, and
atoms) passing through the non-covered parts of the wafer have random positions.
The randomness in position, but also in direction, promotes loss of information
during the pattern-transfer and induces an inevitable atomic-scale edge roughness
during the creation of the new surfaces [78, 79, 80, 81]. Among other things, this
explains why obtaining atomically smooth vertical sidewalls with plasma etching
technologies is yet un-demonstrated [82, 83]. Second, masking-based techniques
necessitate a masking layer, which must necessarily contain all the surfaces that we
want to replicate. The creation of these initial surfaces comes with all the baggage
of fundamental limitations linked with subtractive, additive, or splitting-based sur-
face creation in that material (polymer in a resist mask, metal in a photomask,
dielectric in a shadow hard mask) [84]. Therefore, the randomness of the patter-
transfer superimposes on the already existing randomness of the mask with respect
to surface positioning and atomic-scale roughness [85, 86, 87, 88].

These sources of randomness in the fabrication of the initial and intermediate
masking surfaces accumulate and severely limit reproducible patterning of sub-10
nm gaps. A rule of thumb is that the more intermediate surfaces needed to obtain
the final surfaces, the less potential for atomically accurate definition and position-
ing of the final surfaces. Surfaces can thus be classified as follows: primary surfaces
do not require prior fabrication of any corresponding surface in another material
(e.g. surfaces in an e-beam resist mask); since any subsequent processing step (e.g.
pattern-transfer) will necessarily introduce loss of information, primary surfaces
must necessarily achieve better surface positioning than intended in the final sur-
faces; second-order surfaces are fabricated using primary surfaces (e.g. the surfaces
of a photomask); third-order surfaces are fabricated using secondary surfaces (e.g.
the surfaces of a photoresist mask); etc. For example, fifth-order electrode surfaces
defined by shadow masking of a hard mask, which required pre-fabricating four
distinct intermediate surfaces (one in e-beam resist mask, one in metal photomask,
one in photoresist mask, and one in hard mask, as illustrated in Figure 3.3), has
a much greater accumulated randomness than the polymer surfaces of an e-beam
resist mask.

Instead, manufacturing techniques that utilize sources that emit particles whose
position is more controlled (such as focused ion and electron beams), are suitable
for producing primary masking layers, which contain less accumulated random-
ness. However, covering large areas simultaneously with position-controlled par-
ticles, which is necessary for scalability (considering that one particle effectively
contributes to a certain amount of new surface), presents immense technical chal-
lenges. The multi-beam approach could, at least partly, solve the scalability issue,
but there is a long way to the development of cost-efficient equipment.

Therefore, for now, the cost-efficient giga-manufacturing of devices necessarily
relies on the massively developed mask-based techniques, the most established, by
far, being optical lithography. Considering that the surfaces defined with these tech-
niques inherently contain some atomic and nanoscale roughness, we evidently face a
key challenge: how can we form well-defined surfaces for nanogap electronics based
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Figure 3.3: Illustration of the number of surfaces participating in the formation of
facing electrode surfaces fabricated by shadow masking. In this case, the final electrode
surfaces are fifth-order surfaces, since they are defined from the fourth-order surfaces of
the shadow mask. In other words, four distinct corresponding surfaces in various masking
layers participated in the construction of the final electrode surfaces. After each pattern-
transfer step, some information is lost with respect to the positioning of the previous
surfaces. This loss of information accumulates, potentially resulting in very different and
unpredictable positions with respect to the initial surfaces in the e-beam mask. The
pattern-transfered surfaces are intentionally shifted with respect to the previous surfaces
to illustrate this effect of randomness and loss of information during pattern-transfer.

on initially ill-defined surfaces? One could think of using global post-processing
steps, such as plasma and annealing treatments, which are commonly used to de-
crease atomic-scale edge roughness. However, such processes do not improve surface
positioning since they do not add or remove matter selectively in places that need
one or the other [89]. Presently, the issue of device-to-device variability due to
roughness is dealt with by re-introducing surface positioning information in each
and every junction using electrical sensing circuits, and compensating for the local
variability by fine-tuning each device individually. However, this localized inter-
vention approach severely limits the manufacturing throughput. There would be
some solutions to scale up the production of such fine-tuning systems and electrical
sensing circuits by increasing the speed and parallelization, but this would bring
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its own class of technological challenges.
One way to deal, at least partially, with challenges 1 and 3 is to use pattern size

reduction. The idea is to start from large features to define small features. In this
way, any roughness initially present in the large feature will be reduced to its smaller
equivalent via a specific downscaling factor. Directional oblique shadow evapora-
tion [62] and crystallographic wet etching [59] are such techniques that achieve
pattern-size reduction by pure geometric considerations and by lattice-dependent
anisotropy, respectively. Since the initial feature that needs patterning is larger, an
additional advantage of pattern size reduction is that it grants compatibility with
manufacturing techniques that achieve only larger CD, and that thus are poten-
tially more scalable. However, pattern size reduction is based on subtractive and
additive techniques that require a masking layer and a pattern-transfer to achieve
scalability. Furthermore, the downscaling factor needs to be extremely well-defined
and reproducible over a large area if we are to correctly predict the final electrode
separation for many junctions on a substrate.

From these considerations of scalability and patterning precision, a sensible
starting point for fabricating nanogap electrodes is to define first the electrode
structures without the facing electrode surfaces, as illustrated in Figure 3.4. Be-
cause these electrode structures are easy to fabricate, they can be formed via scal-
able manufacturing techniques for cost-efficient fabrication on wafer-scale. Once
the electrode structures are defined, the facing electrode surfaces are ready to be
formed in a subsequent step that achieves the smallest feature size with the high-
est reproducibility. Ideally, the nanogap patterning should be highly parallelizable,
and should not require intermediate masking surface and pattern-transfer step to
protect the facing electrode surfaces from any preexisting roughness and loss of
information, respectively. As it turns out, a simple wafer-scale process step triggers
the self-formation of nanogaps of well-controlled dimensions in a highly parallel
fashion. The key enabler is crack formation.
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Patterning complexity:

Low (compatible with 
wafer-scale processes)

Medium

High (typically incompatible 
with wafer-scale processes)

Step 1: use ‘rough’ scalable techniques Step 2: define sub-10 nm gap

Crack-junction methodology

Proposed 2-step patterning approach

Figure 3.4: Schematic in perspective view illustrating the positions of the different
levels of patterning complexity in the fabrication of nanogap electrodes (upper panel).
Specifically, the patterning of the nanogap hampers the scalable manufacturing of nanogap
electrodes. A sound approach (lower panel) is to decouple the patterning of the electrode
structure (Step 1), which is compatible with scalable manufacturing, from the patterning of
the nanogap (Step 2). Ideally, we would like to achieve Step 2 without relying on masking
layers, to protect the facing electrode surfaces from inaccuracies, and without loosing
the scalability gained in Step 1. It turns out that a single release-etching step achieves
exactly that, by triggering the self-formation of nanogaps of well-controlled dimensions in
a highly parallel fashion. This is the concept behind crack-junctions, which is the main
achievement of this thesis.





Chapter 4

Crack-junctions

4.1 Introduction

The ability to fabricate pairs of electrodes with nanoscale gaps, so called nanogap
electrodes, has proven a powerful catalyst for scientific discovery in nano and molec-
ular electronics and plasmonics. Although a wide range of bottom-up and top-down
methodologies are available to fabricate nanogap electrodes, almost none can main-
tain scalability when it comes to achieving sub-10 nm gaps. The few techniques
that allow the fabrication of such nanometre gaps typically do not yield predictable
and reproducible electrode separations, and cannot be produced in large numbers
at once on a substrate. This loss of scalability is symptomatic of the great techno-
logical challenge faced in many applications relying on nanogap electrodes, which
are currently mature enough to initiate a transition towards practical commer-
cial devices, but lack the missing link to fabricate reliable junctions with sufficient
scalability and reproducibility. In this thesis, a new class of nanogap electrodes
is developed, the crack-junction (CJ), which aims at providing a solution for this
missing link. This concept is introduced and demonstrated in Paper 1.

4.2 General methodology for forming crack-junctions

The crack-junction methodology allows for the fabrication of pairs of electrodes sep-
arated by nanometer gaps in a predictable, controllable, and scalable fashion. The
crack-junction methodology achieves this by combining two separate characteristics
of elastic strain in a split and divide process (see Figure 4.1).

First, when the local tensile stress overcomes a critical value in a material,
elastic strain supplies mechanical energy to split that material in two via crack
formation. Upon crack formation, two new free surfaces are created in that material
and automatically face each other in a perfectly aligned fashion. The accuracy of
the inter-positioning of these two surfaces is intrinsically very high because the
splitting process locally preserves matter: all atoms initially present before crack

25
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formation will inevitably be present after the splitting process, moved onto either
of the two electrode surfaces.

Second, elastic strain can displace a free surface with high accuracy. This char-
acteristic of strain is independent from the previous step since it does not involve
crack formation. Upon relaxation of its elastic strain, a pre-strained beam that
is anchored at one of its sides translates its length into displacement of its free
surfaces. For strain levels in thin films in the 10−2 - 10−3 range, a 1 µm-long
clamped-free beam undergoes a displacement of its free edge of 1 to 10 nm after
relaxation. Considering now two identical clamped-free beams facing one another,
with their free surfaces initially in contact, the electrode separation formed after
they relax is well-defined and predictable (equal exactly to the sum of the two
displacements) and controllable (scaling up and down the length of the beams is
translated into an equivalent scaling of the electrode separation).

Surface creation Surface displacement

Crack-junction

Strained Strained cantilever

Strained electrode-bridge

Crack Relaxation

Stored elastic strain

L

dL

film

Electrode 1 Electrode 2

Nanogap

Crack formation

Relaxation

‘Split’

‘Divide’

Figure 4.1: Illustration of the split-and-divide process occurring in a pre-strained bridge
that undergoes fracture. This process is the basis of the crack-junction methodology,
which applies it more specifically to electrode materials.
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The crack-junction methodology aims at applying this split and divide process
induced by elastic strain to form nanogap electrodes. This is done by fabricating a
pre-strained electrode-bridge structure initially fixed on the surface of a substrate.
The bridge structure is designed with a stress concentration structure (e.g. a pair
of notches). In a following step, the bridge structure is locally released from the
surface of the substrate by selectively removing the material underneath the bridge.
From this point on, the sequence of steps leading to nanogap formation occurs in a
purely automatic fashion by the elastic strain. As it is detached from the substrate,
the pre-strained bridge relaxes to maintain equilibrium of forces and high stresses
are generated at the notched constriction. The high stresses provoke the formation
of a crack across the bridge. As a result, the initially clamped-clamped beam
is transformed into two separate cantilevers, each featuring a new, crack-defined,
surface. Each clamped-free beam then automatically relaxes the remaining strain
by contraction, which provokes the retraction of the cracked surfaces in opposite
directions. When the elastic strain stored in each beam is released completely, the
cracked surfaces reach a fixed separation, w, that defines the width of the nanogap.
The pair of newly formed electrodes with the nanoscale separation formed is called
a crack-junction (abbreviated CJ).

4.3 Technological implementation of the crack-junction
methodology

Fabricating free-standing micro and nanostructures is well-established since it is
one of the pillars of M/NEMS. Thus, the implementation of the crack-junction
methodology only requires selecting suitable materials and deposition processes.
The requirements on the materials are the following:

1. Substrate material:

• compatible with existing conventional semiconductor processing;

2. Sacrificial material:

• strong adhesion to substrate;
• low stress;
• etchable sideways in a wet or dry etch process, selectively to the electrode

material;

3. Electrode material:

• electrically conducting;
• strong adhesion to sacrificial material;
• residual tensile stress at room temperature;
• mechanically brittle (limited plastic deformation during fracture);
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• low fracture strength;

• patternable using conventional processes.

Additionally, the substrate or an interlayer between the electrode layer and the
substrate needs to be electrically insulating to allow separate electrical probing of
each electrode after crack formation.

A multitude of potential materials fulfill these requirements. Thus, many ma-
terial combinations are compatible with the crack-junction methodology. In this
thesis, the following combination is used:

1. Substrate:

• 515 µm-thick 4 inches (4in) silicon (Si), passivated with 200-500 nm of
thermal oxide;

• Motivation: silicon is the most commonly-used substrate material in
micro and nano-fabrication research facilities; using silicon grants com-
patibility with most of the conventional equipment found in a cleanroom.
Also, there is an extremely wide body of theoretical and experimental
knowledge available on silicon. Moreover, silicon has a sufficiently low
coefficient of thermal expansion to obtain thin films with tensile stresses;

2. Sacrificial material:

• 70 nm-thick aluminum oxide (Al2O3), deposited in atomic layer deposi-
tion (ALD); etched selectively and isotropically in KOH;

• Motivation for material: Al2O3 is an electrically insulating material
(needed to obtain electrically isolated electrodes after crack formation).
It is etched in many wet etches controllably and isotopically (specifically,
it is etched in KOH which was here found to be compatible with TiN);

• Motivation for deposition method: ALD grants high control over layer
thickness;

3. Electrode material:

• 70 nm-thick titanium nitride (TiN), deposited in ALD; patterned by
masking and etching;

• Motivation for material: TiN is a hard and brittle material. Also, a wide
body of theoretical and experimental knowledge is available for TiN (TiN
is often used as gate metal in field-effect transistors). Moreover, TiN has
a wide range of electronic, mechanical, plasmonic, and superconduct-
ing applications. Finally, TiN is easily patterned by standard plasma
etching, and is not easily wet-etched, other than in HF and SC-1;
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• Motivation for deposition method: ALD-deposited TiN exhibits tensile
residual stress at room temperature, and the thermal budget of 350 °C
makes it compatible with deposition on top of fully-processed CMOS
substrates for integration of nanogap electrodes with integrated circuits.
Additionally, ALD is already used for depositing Al2O3, and grants high
control over layer thickness.

The technological implementation for producing a crack-junction based on this
material combination is illustrated in Figure 4.2. More details on the methods,
including the tools and process recipes used, can be found in Paper 1. The pro-
cess starts by the deposition of Al2O3 on top of the silicon wafer, followed by the
deposition of TiN on top of Al2O3. After deposition, TiN exhibits high residual
tensile stress at room temperature due to the mismatch in coefficients of thermal
expansion (CTE) between TiN and Si. The TiN layer is then patterned to outline
the notched bridge structure that will later fracture and produce a crack-junction.
Patterning of TiN is done with conventional masking and etching. In this work, the
bridge structures were outlined in the resist mask using e-beam lithography (EBL)
when working on chip-level, and stepper lithography when working on wafer-scale.
The fabrication of the resist mask is followed by pattern-transfer to the TiN layer by
dry plasma etching. Up until this step, the TiN bridge structure is still constrained
on the Al2O3, and the nanogap has not yet formed. Thereafter, the exposed Al2O3
is sacrificially removed in a wet etch which provokes the release of the TiN bridge
structure, as shown in a cross-sectional image in Figure 4.3. During this release
step, the stress redistributes and concentrates at the notches of the bridge. When
the stresses overcome the fracture strength of TiN, a crack nucleates and propagates
across the TiN notched constriction. Upon complete fracture, the bridge generates
two separate TiN cantilevers. Each cracked TiN surface further retracts in opposite
directions until the elastic strain stored in the cantilevers is released fully. The final
electrode separation, or gapwidth, is called w. Each formed TiN cantilever can be
used as an electrically isolated electrode whose surface potential can be adjusted
separately.

4.4 Demonstration of up- and down-scaling

Scalability encompasses scalability in manufacturing, with potential for scaling up
the fabrication to produce a large number of devices (e.g. 105-109/cm2), and scal-
ability in size, with potential for scaling down the critical dimension of the nano-
structure (i.e. the nanogap width) down to sub-10 nm. Crack-junctions achieve
both types of scalability.

4.4.1 Manufacturing up-scaling (large-scale fabrication)
The manufacturing scalability stems from the use of cracks. Thanks to cracks,
the formation of the facing electrode surfaces and the definition of the electrode
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Figure 4.2: Schematics in perspective (left panel) and cross-sectional (right panel) views
illustrating the crack-junction methodology. First, a layer made of a brittle electrode mate-
rial (TiN) is patterned to outline a notched bridge structure on a substrate. The electrode
material is under residual tensile stress at room temperature. Then, the electrode-bridge
structure is released by etching of the sacrificial material (Al2O3) underneath it, thereby
inducing the formation of crack in the bridge. The two formed electrodes retract their
crack-defined surfaces in opposite direction by releasing their residual tensile stress. The
resulting structure consist of a pair of crack-defined electrodes separated by a nanogap,
which is introduced in this thesis as a crack-junction (CJ).

separation is taken care of in a purely mechanical fashion without the need for
localized intervention. This comes with two important advantages which, combined,
explain why crack-junctions can be fabricated in large numbers.

First, relying on cracks greatly relaxes the lithographic requirements needed
to fabricate the structures. This is because we do not need to pattern the actual
nanogaps ourselves. Instead, we only need to fabricate the suspended notched
bridge structures, without the nanogaps. These suspended bridge structures can
be easily fabricated using wafer-scale masking and etching processes that yield
large numbers of devices simultaneously. Should the nanogaps needed fabricating,
compatibility with wafer-scale masking and etching processing would not have been
possible. This is illustrated in Figure 4.4.

Second, each of the pre-fabricated notched bridge structure forms a crack on
its own, independently from how many initial bridge structures are present. This
is because crack formation depends only on local stress considerations. Thus, the
crack formation events in each and every bridge structure do not influence one
another. This is illustrated in Figure 4.5 upper panel.

Thin film deposition, resist pattern-transfer etching, release etching and crack
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Figure 4.3: SEM images showing elements of crack-junctions from various angles and
magnifications. Scale bars: 100 nm, 300 nm and 100 nm, respectively from top to bottom
SEM images.

formation are all done in a highly parallel fashion on wafer-scale. Thus, the pro-
cess step that could potentially limit the mass-fabrication of crack junctions is the
fabrication of the masking layer. In this thesis, the fabrication of the masking layer
was demonstrated on chip-level using electron beam and on wafer-level using step-
per lithography, as show in Figure 4.5 lower panels. Electron beam lithography
provides the flexibility of being able to continuously adapt the design from batch to
batch, which was needed in the early stages for developing the process recipes and
investigating various geometrical designs. Based on electron-beam lithography, an
array of 2500 bridge structures could be exposed in about 30 min. Once a stable
process flow was developed, including optimized materials, layer thicknesses, and
etchants, a photomask was designed, and stepper lithography could upscale the pro-
duction to entire wafers with hundreds of thousands of bridge structures exposed in
a few minutes. Another factor that explains compatibility with optical lithography
is that TiN requires only minor geometrical stress concentration to crack consis-
tently. Hence, the notch patterns did not need to exhibit sharp acute features,
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Low (compatible with 
wafer-scale processes)
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High (typically incompatible 
with wafer-scale processes)

Fabrication based on conventional patterning: Fabrication based on crack-defined patterning:

Figure 4.4: Schematics illustrating one of the benefits associated with fabrication based
on crack formation. Crack-defined patterning circumvents the need to define the nano-
gap, which involves the highest manufacturing complexity. The nanogap instead forms
spontaneously in a purely mechanical fashion once a local stress-based criterion is met.
Thanks to this, only the notched bridge structure needs to be defined, which greatly relaxes
the patterning requirements and grants compatibility with highly scalable manufacturing
techniques.

which could only be patterned with serial patterning such as EBL. Once the bridge
structures are properly patterned on the substrate, the release-etching step trig-
gers the formation of cracks in each and every bridge structure in a highly parallel
fashion and crack-junctions automatically form on substrate-level, independently
of how many bridge structures were initially patterned.

The maximum crack-junction fabrication density demonstrated for TiN is about
7 million junctions per cm2 (see Paper 3). The yield of crack formation depends
on the maximum stress level reached at the notches during the release etching step
(see section 4.6). Junctions can be designed to exhibit a localized stress that is
arbitrarily larger than the fracture strength to ensure that virtually all bridges
develop of crack.

An additional benefit of the chosen technological implementation in this thesis
is that it is compatible with integration on fully processed CMOS substrates, which
is an important step towards commercial applications of nanogap electrode-based
devices.
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756 junctions (e-beam, 30 min exposure):  7,000,000 junctions/cm2 (stepper, 3 min exposure/wafer):

= 1 crack formation event

= 1 pair of electrodes

Massively parallel fabrication of crack-junctions

100 mm100 μm

Figure 4.5: Illustration (top panel) and demonstration (lower panels) of the manufac-
turing scalability of the crack-junction methodology. Once the electrode-bridge structures
are patterned (which can be done with masking and etching techniques using an e-beam
or a stepper), we, as operators, only need to perform the release-etching, as illustrated in
Figure 4.2, and crack-junctions automatically form in a highly parallel fashion on chip or
wafer-scale, with potentially tens of millions of junctions forming simultaneously.

4.4.2 Dimensional down-scaling
The ability to downscale the nanogap width stems from the suspended nature of the
electrodes. Only the parts of the electrodes that are free-standing can relax after
crack formation, and therefore contribute to the total retraction of the cracked
surfaces that define the nanogap width w. In a first order approximation, the total
retraction w is proportional to the length L of the suspended parts of the electrodes
via ε, which is the elastic strain of the electrode material:

w = ε ∗ L.

Therefore, scaling up or down the nanogap width is achieved by an equivalent
scaling of the length of the bridge. If a 2 µm-long bridge generates a 6 nm-wide
gap, then a 1 µm-long bridge generates a 3 nm-wide gap. Different gapwidths can
be obtained for different crack-junctions simply by designing bridges with different
lengths. The elastic strain stored in the electrode layer can be viewed as a geometric
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scaling factor that converts the micrometer-sized bridge to the nanometer-sized
gapwidth.

Size scalability was demonstrated for TiN crack-junctions by fabricating bridges
of lengths from 4 to 20 µm and measuring the resulting gapwidths (see Paper 1).
As expected, the relationship between wL and w is linear. The slope is found at 3.1
nm/µm, which is a direct measurement of the elastic strain of the TiN deposited
in this work.

The width of a nanogap is fully-defined by the length L of the bridge and the
stored elastic strain of the electrode material. On the one hand, the length is
known and controllable since it is defined lithographically. On the other hand,
elastic strain is typically much more complicated to know, and even measure, with
high precision. Yet, crack-junctions can be viewed as test-structures for direct
measurement of elastic strain (see Chapter 5 for a discussion on the measurement
of elastic strain based on crack-junctions). Once the elastic strain is measured using
pre-fabricated crack-junction test structures, crack-junctions can then be designed
with individually-tailored lengths and generate targeted gapwidths. Since virtually
any bridge length can be defined lithographically, any gapwidth can be obtained (a
discussion on the dimensional limits of crack-junctions is also included in Chapter
5).

4.5 Demonstration of crack-junctions featuring sub-3 nm
gaps separating TiN electrodes

In view of the dimensional downscaling property of crack-junctions, it is possible to
obtain gaps separating electrodes in the sub-10 nm range and further reach sub-3
nm with a sufficiently aggressive dimensional downscaling of the bridge length (see
Figure 4.6b). For an elastic strain of 3.1 nm/µm, junctions featuring sub-3 nm can
be fabricated by designing bridge lengths below 1 µm. At sub-3 nm gapwidths,
successfully formed crack-junctions exhibit distinctive I-V plots that are character-
istics of quantum tunneling current [92]. Tunneling junctions, and more generally
junctions that feature a sub-3 nm electrode separation, are remarkable structures
that have a wide range of potential functions and applications, as introduced in
Chapter 2.

For this investigation on tunneling crack-junctions, one hundred identical de-
vices featuring L = 800 nm were fabricated on a substrate and subsequently probed
for electrical characterization. Among the 100 probed junctions, 40 were found to
exhibit the linear I-V relation at sub-1 V characteristic of direct tunneling, or the
exponential I-V relation characteristic of Fowler-Nordheim tunneling. An example
of an I-V plot of a tunneling crack-junction is shown in Figure 4.6. The complete
collection of the I-V plots for all 40 junctions is shown in Figure 4.7. The electrical
characterization of tunneling TiN crack-junctions was found to be stable up until
approximately 50 nA, which is why a current compliance was set at that level.
However, abrupt jumps in the current could sometimes be observed at or below the
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Figure 4.6: Illustration and demonstration of the dimensional downscaling property of
the crack-junction methodology (a), and tunneling crack-junctions (b). a) The nanogap
width of crack-junctions is proportional to the length L of the released part of the bridge.
The proportionality constant is the elastic strain ε stored in the electrode layer, which is
set by the deposition conditions. In the case of the TiN deposited here, ε = 3.1 nm/µm.
Crack-junctions can predictably generate any gapwidth simply by adequate scaling of
the bridge length. b) Considering ε = 3.1 nm/µm, crack-junctions featuring sub-3 nm
nanogap can be obtained by designing L < 1 µm. At sub-3 nm, it becomes possible to
detect electron tunneling through the nanogap which is distinguishable by well-defined
linear and exponential I-V characteristics [92].

current compliance level. When I-V sweeps were performed successively and plot-
ted side-by-side, it was found that the conductance jumps were memorized from
one trace to another, as shown in Figure 4.8. This is explained by local atomic
rearrangements occurring at the electrode surfaces of the junctions due to local
heating or electric fields.

4.6 Design considerations

The design considerations for crack-junctions are introduced and discussed in Paper
2. The main results are summarized here.

The single most important design parameter in the design of crack-junctions is
the bridge constriction, including the notch structures and the constriction, whose
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Figure 4.7: Illustration of the variability in tunneling junctions induced by the jagged
propagation of the cracks on a nano- and atomic-scale. The more a crack deviates from the
ideal situation of a perfectly flat line, the closer the resulting electrode separation locally
is. Electrodes that are locally closer result in exponentially higher tunneling currents,
which is the reason for the very wide spread in tunneling currents from 10−14 to 10−8 A
and higher for different junctions.

actual geometry will localize and induce crack formation. In Figure 4.9, a conven-
tional crack-junction is shown to illustrate the various parameters of the notch and
the constriction. In a first order approximation, a crack will nucleate when the
local stress overcomes the fracture strength of the electrode material (here TiN).
Before fabricating a crack-junction, it is important to know whether the stress-
based criterion for crack formation will be met for that design. Only then can the
crack-junction form successfully.

There are two intertwined design components that contribute to reaching high
stress levels at the notched edges of the bridge: the constriction effect and the notch
effect. The constriction effect provokes an increase of stress by locally narrowing
a beam of otherwise constant width. To maintain equilibrium, the force acting on
the bridge cross-section at any point along the bridge is the same. Thus, the stress
becomes higher on average wherever the bridge cross-section area is reduced, since
the same force is applied on a smaller area. Superimposed on the constriction effect
is the notch effect. The notch effect relates to the severity of the localization of
the stress caused by the geometry of the notches. The notch effect locally redis-
tributes the average stress set by the constriction effect, thereby causing some areas
to exhibit higher tensile stresses, and some areas lower tensile, or even compressive,
stresses. For the notch effect, acute and sharp notched edges yield higher stress
concentrations than obtuse and rounded ones. These effects can be accurately sim-
ulated by FEM modeling (see Paper 2), although various fabrication considerations
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Figure 4.8: Graph showing the memory effect in the I-V curves of TiN crack-junctions.
The decreasing trace of Sweep 1 overlaps with the increasing trace of Sweep 2, which
demonstrates that the changes in conduction that have occurred in Sweep 1 have been
memorized by the junction. The same applies to changes that have occurred in Sweep 2,
which have been memorized in Sweep 3.

will introduce significant deviations from the simulated values.
The second most important design parameter of crack-junctions is the position

and geometry of the anchors where the bridge connects with the sacrificial mate-
rial. The position and geometry of the anchors is determined by the design of the
electrode pattern and the extent of the undercut. The position and geometry of
the anchors has two important effects that should be considered when designing
crack-junctions. First, the position of the anchoring points affects the definition of
the gapwidth. This is because the further away the anchoring points are from the
elongated part of the bridge, the longer the TiN overhangs become. The two TiN
overhangs, one for each electrode, also relax after crack formation, and therefore
contribute to the total retraction of the cracked surfaces which defines the nanogap
width, as shown in Figure 4.10. This contribution can easily reach a few nanome-
ters, depending on the extent of the undercut of the sacrificial release etch. Even an
increase of a few nanometers is a significant contribution that must be accounted
for, especially for tunneling crack-junctions featuring sub-3 nm gaps. Because these
anchor overhangs remain constrained sideways, they contract to a slightly larger
extent per undercut length than the elongated part of the bridge (due to the Pois-
son effect). These effects can be accurately simulated by FEM modeling (see Paper
2) provided all mechanical properties of the materials are well-known. Second, the
geometry of the anchors can potentially affect the distribution of the stress fields at
the notched constriction during crack formation and propagation, which, in turn,
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Figure 4.9: 3-D schematics in perspective view of a crack-junction before crack forma-
tion showing the various design parameters (a) and a stress map (b). The stress map
was obtained by 3-D FEM modeling using Comsol Multiphysics®. A crack is expected
to develop in a crack-junction once the localized stress level at the notches overcomes
the fracture strength of the electrode material. Using this model, crack-junctions can be
correctly designed to ensure a high yield of crack formation. Furthermore, this mechanical
modeling can also be used to simulate the contributions of the anchor overhang and of the
sacrificial layer on the definition of the nanogap width, which is critical for designing tun-
neling junctions. This however requires additional knowledge of the mechanical properties
and stress level of the sacrificial material. See Paper 2 for details on the model.

may affect the path of the crack. In the situation where the anchors are symmetric
with respect to (AA), the crack propagates perpendicularly to the bridge direction.
In contrast, for anchors that are not symmetrically placed with respect to (AA), the
crack can take an oblique path with a bifurcation angle which depends on the local
distribution of the stresses at the moment of crack formation. This is illustrated in
Figure 4.11.

Another important design consideration is the possibility to form complex crack
patterns. The stress fields command the formation and propagation path of cracks.
This can be utilized to generate crack patterns that are more complex than the
single straight lines formed in the general crack-junction methodology. For example,
by adjusting the design of the notch area, sequential crack formation can occur,
thereby leading to 3- or 4-terminal junctions. Localized multiple crack formation
yields extremely dense and sharp patterns on the nanoscale which are very difficult
to obtain in any other way and could lead to more functional nanostructures, such
as by e.g. adding gating electrodes.

4.7 Fabrication considerations

The fabrication considerations for crack-junctions are introduced and discussed in
Papers 1 and 2. The main results are summarized here.
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Figure 4.10: Impact of the anchor overhang on the definition of the nanogap width. a)
Schematics in top and cross-sectional views of a crack-junction. The anchor overhangs are
induced by the isotropic sacrificial etch needed to release the bridge structure and con-
tribute to the total retraction of the cracked electrode surfaces. b) The anchor overhangs
exhibit a residual elastic strain in Y direction after relaxation that is compressive since
they remain constrained in X. This means that they contract to a slightly larger extent
than the elongated part of the cantilevers due to Poisson effect. c) SEM image showing an
example of released TiN cantilever, which gives an idea of the undercut profile of anchor
overhangs.

Since crack formation is a stochastic process, variability is an inevitable aspect
of the crack-junction methodology. From this perspective, the most important fab-
rication consideration is the crystallinity of the brittle electrode material. For the
TiN used here, the fracture is inter-granular. Thus, the path of the crack upon
fracture follows the grain boundaries. This means that the crack is not perfectly
flat but exhibits a nanoscale roughness limited by the grain size. This is impor-
tant because it implies that some points along the crack-line are locally closer than
the electrode separation set by the length of the electrode-bridge. Since the size,
position, and orientation of the grains are random, so is the resulting electrode
separation. This explains why tunneling I-V graphs are not completely identical
for different junctions. As a result of the exponential dependence of the tunneling
current on the electrode separation, an important scatter in I-V characteristics is
observed for different tunneling junctions, as shown in Figure 4.7. Junctions whose
cracks are straight have I-V characteristics closer to the ideal, theoretical design
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Figure 4.11: Impact of anchor position on crack propagation. Schematic (a) and SEM
image (c) showing crack formation in a conventional crack-junction design which is sym-
metric with respect to (AA). Schematic (b) and SEM image (d) showing oblique crack
formation for a crack-junction design which is not symmetric with respect to (AA). This
figure illustrates the need to account for this effect to correctly design crack-junctions, but
also to provide opportunities to explore complex crack propagation schemes by properly
engineering the stress-fields.

of an atomically flat crack. Junctions whose crack paths deviate significantly from
the straight line will result in locally smaller electrode separations. However, an
advantage of the brittle fracture is that the cracked electrode surfaces are perfectly
correlated: a tip on one of the cracked surfaces is necessarily mirrored by a re-
cess on the other cracked surface (see Figure 4.12). This significantly improves the
probability of junctions featuring a continuous gap between the electrodes, with-
out mechanical, thus electrical, contact, even for nanogaps smaller than the edge
roughness. In theory, a mechanical contact occurs only when the crack path devi-
ates more than 90 degrees from its original straight path. This situation, although
observable in some instances, is unlikely to occur in a uniaxial loading system such
as in a free-standing bridge.

Another important consideration is that the maximum localized stress at the
notched constriction is strongly influenced by the nano- and atomic-scale edge
roughness of the notched surfaces of the bridge constriction. While these notches
are designed as triangles with ideal atomically-sharp edges, they are not reproduced
as such on a nanometer level. The deviation from the original design depends on
the accuracy of the mask definition and of the pattern-transfer. The accuracy of
the mask definition primarily depends on whether it is fabricated by electron-beam
or optical lithography. EBL can in principle produce much sharper features in the
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Figure 4.12: Schematics illustrating edge correlation in nanogap electrodes. Brittle
fracture, which is a surface creation process for which matter is conserved, intrinsically
yield perfectly correlated edges.

resist mask. In practice, the notched edges of the constriction will be blunt with a
certain radius of curvature at the tip. Therefore, cracks may not necessarily form
as intended, depending primarily on the smallest critical feature at the notched
constriction resolved experimentally.

Another important fabrication consideration is the nominal internal stress s of
the electrode layer. First, the stress reached at the notched constriction is propor-
tional to s. Thus, increasing s increases the probability of crack formation. Second,
the stored elastic strain ε, which sets the length of the bridges to obtain targeted
values of gapwidths, is also proportional to the nominal internal stress s, with:

ε = s/E,

where E is the Young’s modulus. Thus, increasing s necessarily decreases the foot-
print of crack-junctions. Consequently, it is advantageous to increase the nominal
internal stress of the electrode layer since it promotes crack, and therefore nanogap,
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formation, and reduces device footprint. However, s cannot be increased arbitrar-
ily. High stresses are typically responsible for uncontrolled cracks at other locations
than intended. An additional aspect of the internal stress is that it can be tuned dy-
namically. For example, warping the substrate induces compressive or tensile strain
in the electrode layer depending on the substrate curvature. Increasing or decreas-
ing the temperature can further momentarily increase the tensile stress depending
on the mismatch in CTE between the substrate and the electrode material. This
can be used to trigger crack formation in electrode-bridges after release-etching in
a controlled atmosphere, and therefore to obtain facing electrode surfaces that are
pristine. This was demonstrated in Paper 2.

Another important fabrication consideration is the internal stress of the sacri-
ficial layer. In a first order approximation, we assume the sacrificial layer does not
exhibit residual stress. However, if the sacrificial layer exhibits some stress, whether
tensile or compressive, the sacrificial material relaxes its free-surfaces during the
release-etching step. This relaxation has two important consequences. First, relax-
ation of the sacrificial layer can contribute to increasing or decreasing the stress level
at the notched constriction of the bridge, thereby promoting or impeding crack for-
mation. Typically, tensile stress in the sacrificial layer tends to increase the localized
stress at the notched constriction of the bridge structures during release-etching,
thereby promoting crack formation. Second, relaxation of the etched surfaces of the
sacrificial material can displace the points of anchor of the cantilevers and there-
fore affect the total retraction of the cracked electrode surfaces. Sacrificial layers
that are thick and tensile stresses that are high can potentially induce a significant
increase of the resulting gapwidth. In the same way as with the anchor overhangs,
this contribution of the sacrificial layer must be carefully considered for tunneling
crack-junctions, and can be accurately estimated with FEM modeling (see Paper
2), provided all mechanical properties of the materials are well-known. It is worth
mentioning that when the contributions from the anchor overhangs and sacrificial
layer are significant, the elastic strain can no longer be estimated simply by the
simple formula ε = w/L. In this case, w = ε ∗ L + a, where the intercept a is a
constant which represents the contributions to the gapwdith that do not originate
from the elongated linear part of the bridge. This intercept a is expected to be
constant for different crack-junctions that feature the same geometry overall but
that have different lengths of the linear part of the bridge. In this way, is it possible
to decouple the measurement of ε from a.

Another important fabrication consideration is the use of wet or dry chemical
etch to perform the sacrificial release-etching step. The use of wet etching has the
advantage is being highly controllable, uniform, and selective. The drawback of
the wet etching is that liquid-gas interfaces form upon drying. These interfaces
are known to induce the collapse of free-standing structures. To ensure that the
electrodes do not collapse during drying, it is necessary to use a critical point
dryer (CPD). Instead, dry release-etching processes, such as plasma-based, do not
need the critical point drying technique. Having electrodes that are collapsed is
detrimental to applications that use the free-standing state of the electrodes for
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the device function, such as for NEMS. Also, in case of a thick sacrificial layer,
the collapse of the electrode can alter significantly the nanogap width, although
predictably via simple geometric considerations.

4.8 Summary: advantages and drawbacks of the
crack-junction methodology

4.8.1 Advantages
• The electrode separation is predictable: in the crack-junction methodol-

ogy, the electrode separation is fully defined by the geometry of the electrode-
bridge and the stored elastic strain, both of which are well-known to the
operator. Moreover, the definition of the electrode separation is protected
from pattern-transfer inaccuracies since it is based solely on the mechanical
displacement. Although any variability in the geometry of the bridge in prin-
ciple induces variability in the electrode separation, it is downscaled by the
geometric scaling factor ε. Therefore, the electrode separation is highly pre-
dictable and reproducible, provided the crack path is straight and no plastic
deformation occurs during crack formation;

• The electrode separation is controllable: an additional benefit of defin-
ing distances based on mechanical movement is that the electrode separation
is controllable and a continuous range of values can be obtained. This is
done via simple dimensional scaling of the electrode-bridge structures, which
is done lithographically. In principle, even atomic discretization effects of
growth and etch-based techniques are circumvented this way;

• Sub-10 nm electrode separations are easily obtained, with high
yield: reaching ultra-small electrode separations is possible simply by fabri-
cating short bridges. For strain levels in the range of 10−2 and below, reaching
sub-10 nm nanogap widths requires bridge lengths in the range of 1 µm, which
is easily achievable lithographically. And even when the crack path is not per-
fectly straight, the resulting electrode separation cannot exceed the designed
electrode separation since any deviation from the straight path makes the
electrode separation only smaller, not larger;

• Crack-junctions can be mass-produced and integrated: thanks to
the self-generated nature of cracks, we only need to fabricate the suspended
and notched bridge structures. Thus, the requirements on the lithography
are greatly relaxed, which grants compatibility with conventional wafer-scale
processes. In this way, high-density arrays of crack-junctions can be produced
simultaneously in a truly parallel fashion (time-to-fabricate independent of
density of devices). Furthermore, crack-junctions can be accurately placed
and rotated with respect to one another or to pre-existing features on the
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substrate, such as for integration with on-chip interconnects and electronics
on a fully processed CMOS wafer;

• The cracked surfaces are perfectly matching: a consequence of the
brittle nature of the electrode material is that crack-defined facing surfaces
exhibit perfectly complementary topographies; if these surfaces were to be
brought in contact again after crack formation, the gap would ideally seal back
perfectly. This feature cannot be obtained using etch-based, growth-based or
combination of etch and growth-based, such as layer-defined techniques;

• The nanogaps exhibit high aspect-ratio: direct etching using plasma
processes are typically not suitable for patterning high-aspect ratio nanogaps
due to the diffusion limitation (Knudsen transport) of the reactive species and
byproducts. There is no such limitation for cracks, for which gaps featuring
extreme vertical aspect-ratio exceeding 20 can be easily obtained at sub-10
nm gapwidths;

• Combination of features: all aforementioned advantages can be combined
with one another, without significant trade-off. For example, it is possible to
adjust the gapwidth of a crack-junction without compromising on the ability
to fabricate large numbers on a wafer.

4.8.2 Drawbacks
• The reproducibility of the electrode separation is limited by the

crystallinity of the electrode material: cracks form new surfaces without
the need for masking and pattern-transfer, which could in principle solve the
limitations of mask-based techniques for patterning sub-10 nm gaps. However,
crack formation has its limitations in case of amorphous and polycrystalline
materials, for which the crack path is not perfectly straight but is affected
by the nanostructure of the electrode material at the crack tip. For the TiN
used here, cracks propagate at grain boundaries. Therefore, the cracks take
unpredictable paths across the notched constrictions of the electrode-bridges
due to the random local distribution in size and orientation of the grains. This
could be solved using a brittle electrode material that is single-crystalline and
orient the electrode structures so that the expected crack-line corresponds to
a crystal plane for which channeling crack is favored;

• The footprint of crack-junctions is high: the benefit of the highly con-
trollable electrode separations comes at the expense of footprint. The elastic
strain, which links the gapwidth with the length of the bridge, is typically
smaller than 10−2. Thus, for a gapwidth of 100 nm, the length of the beam
must be about 10 µm, which severely reduces the density at which such crack-
junctions can be fabricated. Even considering a relatively high elastic strain of
a few percent, bridges that are at least 100 nm-long are inescapable. However,
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the scaling trend works in our favor here since smaller gapwidths are reached
for shorter crack-junctions. Thus, the highest densities of crack-junctions
are achieved for the smallest electrode separations, such as for tunneling and
molecular junctions;

• The cracked surfaces are potentially contaminated: the sensitive elec-
trode surfaces of crack-junctions are in contact with the sacrificial etchant
that is used to trigger crack formation in the electrode-bridges. This could
be avoided by decoupling the release-etching step and the crack formation
step. This is done by designing the bridges so that the maximum localized
stress remains below the fracture strength of TiN, thereby resulting in un-
cracked bridges after the release-etching step. Additional tensile stress can be
provided by e.g. substrate bending or thermal shock, to trigger crack forma-
tion. Testing which bridge designs generate uncracked bridges that are close
to fracture is done by fabricating arrays of bridges of various stress concen-
tration effects, and pick the uncracked design that is closest to the fracture
threshold. This is demonstrated in Paper 2;

• Cracks in brittle materials cannot form atomically-sharp tips: the
high aspect-ratio feature of crack-defined gaps can be a drawback for applica-
tions that require atomically-sharp tips to e.g. contact only single molecules,
and not ensembles of molecules. Atomically-sharp tips can obtained by grad-
ual ductile necking of a metal, such as in MCBJs. This issue is tackled in
Paper 3, which is introduced in Chapter 6.





Chapter 5

Perspectives on crack-junctions

5.1 Pushing the crack-junction methodology to the limit

The crack-junction methodology can be pushed to the limit on several fronts, specif-
ically from the perspectives of materials and dimensions. Some experimental ob-
stacles are intentionally omitted in order to focus on the benefits associated with
each of the proposed advances.

From a material perspective, highly crystalline materials are desirable since they
provide the best prediction of the crack path upon fracture of the bridge, which,
in turn, could result in more predictable electrode surface topography with ex-
tremely low edge roughness (thereby tackling Challenge 1, of section 3.2). The
electrode-bridges would ideally be made in a single-crystalline material. Using
single-crystalline thin films, the crack could potentially be straight and flat on
an atomic level using crystallographically-oriented channeling cracks. Thus, the
nanogap and electronic surfaces could have an atomically accurate and predictable
shape, as opposed to polycrystalline or amorphous materials that inevitably ex-
hibit nano- and atomic-scale roughness. A high level of prediction in the crack
path and accuracy of the retraction of the cracked surfaces after crack formation
could also help obtaining accurate and reproducible electrode separations (thereby
tackling Challenge 2, of section 3.2). The crystallinity is also expected to improve
the definition of stress levels triggering the crack formation. This could lead to
ultimate predictability, control, and reproducibility of the facing electrode surfaces
and electrode separations.

From a dimensional scaling viewpoint, several options are possible. First, the
lateral dimensions of crack-junctions, and specifically the bridge length, could in
principle be scaled down to obtain gapwidths that are sub-nm. With a 100 nm-
long bridge and a strain of 10−3, the displacement of the cracked surfaces after
crack formation is expected to be 1 Å, which is smaller than inter-atomic dis-
tances in crystals. Such distances, or any distance which is not a multiple of an
inter-atomic distance, cannot be defined using conventional nanogap fabrication

47
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techniques based on etching. This is because, once a material is deposited, all
atoms have fixed positions in the lattice of the crystal. Subsequently removing
atoms to form a nanogap in the crystal, even a single atom at a time with atomic
precision, will result in a nanogap with discrete values of width. Crack-junctions
can in principle circumvent this limitation and reach displacements of the cracked
surfaces with sub-atomic accuracy. This is possible because the nanogap width of a
crack-junction is set by a mechanical displacement defined by an ensemble of sub-
atomic displacements in the lattice (the strain) uniformly spread over thousands of
atoms that each contribute to the total displacement. Thus, increasing or decreas-
ing by 100 lattice constants the length of a bridge that exhibits a strain of 10−3

will result in an increase or decrease in gapwidth equivalent to a tenth of a lattice
constant. This mechanism explains why an STM, which uses the piezo-actuators,
or an MCBJ, which uses an 3-point mechanical bending stage, can move an elec-
trode tip with sub-atomic displacement precision. For an EBJ, the electrodes are
constrained on the substrate and thus the resulting separation remains fixed after
nanogap formation. In contrast, for an MCBJ, the electrode separation can be
tuned with sub-nm resolution by inducing warping of the substrate. In case of an
MCBJ, it is the sum of sub-atomic displacements over ensembles of atoms (primar-
ily the tensilly-strained atoms of the substrate located just under the free-standing
electrodes that connect the anchor points of the electrodes) which allows for the
sub-atomic control of the electrode separation.

Second, the thickness of the electrode material could be scaled down aggres-
sively. The theoretical limit would be a one-atom-thick electrode layer, like a
single-layer of graphene. This could have important applications that necessi-
tate atomic-scale out-of-plane spatial resolution of the structure of electrodes or of
charge transport through the nanogap, such as for molecular electronics or quantum
tunneling-based sequencing. However, the compatibility with the general crack-
junction methodology may be hindered by the low out-of-plane stiffness of 2-D
materials which will favor out-of-plane displacement, thereby preventing proper
strain redistribution to initiate crack formation. Therefore, this concept of single-
layer materials will more likely be demonstrated based on a different methodology,
such as the crack-defined break junction methodology (see next Chapter).

Third, the thickness of the sacrificial material can also be scaled down. In the
crack-junction methodology, the sacrificial material, and more specifically its pla-
nar geometry after sacrificial etching, participates in the construction of electrode-
bridges that feature well-defined suspended parts, which, in turn, generate displace-
ments of the electrodes that are predictable and controllable after crack formation.
For NEMS applications, the sacrificial layer has the additional role of setting a
physical separation between the electrodes and the substrate, thus allowing free
vertical mechanical movement of the electrodes upon in-plane or out-of-plane elec-
trostatic actuation. Excluding applications that require such mechanical freedom,
the sacrificial layer could be much thinner than the 70 nm and 200 nm-thick layers
used in this thesis. The limit would be a 2-D sacrificial material. In this case, the
sacrificial material can be viewed as a way of obtaining controlled delamination of
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the electrodes. The advantage of using layers that are this thin is that any parasitic
contribution from the sacrificial layer would be reduced to a minimum (see section
4.7). In this way, the nanogap widths of crack-junctions could be even more pre-
dictable. However, upon release of the sacrificial material underneath the bridge
and formation of the crack-junction, the electrodes would automatically ‘collapse’
on the substrate due to various attractive forces that are present at this scale. This
collapsing should not have any other detrimental effects than preventing free me-
chanical movement of the electrodes after crack formation, and would produce more
solid-state-like devices.

An important question, connected to the dimensional limits of crack-junctions,
is the following: how small can the width of a crack be? Is there a fundamental
lower limit that would prevent reaching a certain range of electrode separations?
With ultimate downscaling of the bridge length to 100 nm, could we obtain a
nanogap width smaller than one lattice constant? At the core of crack formation is
an energy balance between release of mechanical energy during crack growth and
the energy absorbed by the creation the two new free surfaces generated at the
crack tip. The mechanical energy released during crack growth must always exceed
the energy absorbed by surface creation to sustain crack propagation. For pre-
strained beams that are nanoscale in all three dimensions, there is a limitation on
how much stored mechanical energy is available in the material (that scales in three
dimensions) compared to the energy needed for surface creation (that scales only
in two dimensions). However, although there may be fundamental limitations to
how small the cracks can be made in a nominal strain state, crack formation can be
promoted in various ways, by e.g. design or experimental techniques that enhance
strain and decrease toughness locally or globally. For example, additional elastic
strain can always be supplied by inducing warping of the substrate or temperature-
induced strain mismatch (e.g. by inducing a thermal shock). Also, should the lower
limit be 1 nm or larger for high-strength materials, a reverse displacement scheme
(by e.g. alternating tensile or compressive strains in sacrificial and in electrode
layers) could be utilized to bring the surfaces closer to one another. Thus, forming
cracks is not limited solely to the use of the internal stress, but other mechanisms
can for example increase elastic strain to momentarily tip the balance of energies
and induce splitting. Also, a sacrificial stress layer can be added on top of the
electrode layer to induce the fracture of the electrode-bridge in a purely solid-state
fashion, before it is even released. In this way, the creation and displacement steps
of the cracked electrode surfaces are decoupled (decoupling of the split from the
divide shown in Figure 4.1), and the sole role of the elastic strain of the electrode
layer is to set the final gapwidth. Therefore, it is likely that even the smallest gaps
can be achieved in one way or another. Junctions featuring the smallest gaps, of
the order of a few lattice constants, have applications as tunneling junctions at
cryogenic temperatures as e.g. Josephson junctions, provided a superconducting
material is used, or at room temperature for e.g. DNA sequencing.
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5.2 Other points of discussion

• The highest density of crack-junctions is about 1010 junctions per
cm2: considering a stored elastic strain of 3%, sub-3 nm crack-junctions could
consist of 90 nm-long, and, for example, 20 nm-wide bridges with anchors
consisting of squares of side of 40 nm. Leaving a 10 nm distance between
junctions to ensure complete electrical isolation, a single junction could fit in
a rectangle of sides 50 nm and 180 nm. Therefore, arrays of tunneling crack-
junctions could be fabricated with a density higher than 10 billion junctions
per cm2.

• The crack-junction methodology yields an accurate measurement of
elastic strain: most techniques that characterize the mechanical properties
of thin films, such as elastic strain, are often indirect and involve transduc-
tion mechanisms to translate a material’s property into an observable quantity
such as displacement (Stoney’s equation [90, 91], Guckel rings [93]). Upon
measurement of the observable quantity (whose accuracy depends on the mea-
surement technique), a mechanical model is needed for fitting which assumes
accurate geometry and mechanical properties of the various materials present
(mainly elastic modulus E and the Poisson ratio ν). Therefore, in these
cases, the accuracy of the measurement of the elastic strain will be as good
as the measurements and the model are. In contrast, the measurement of the
elastic strain with crack-junctions is direct and consistent with its definition
ε = dL/L. No model or mechanical property of any material is needed. The
elastic strain can be obtained by measuring the length L of a bridge and the
resulting nanogap width w (i.e. dL) for different crack-junctions that are geo-
metrically identical but featuring different L. The elastic strain is equal to the
slope of the curve obtained, with a measurement error which depends mainly
on accuracy of the nanogap width measurement (performed in an SEM, AFM,
or TEM). Assuming that the elastic strain is uniformly distributed in the film
over the entire substrate area, fabricating a few crack-junctions yields a direct
measurement of the elastic strain, which will then be valid for other crack-
junctions fabricated on the same substrate, or on other substrates processed
in the same way. There are, however, various causes of variability that may
need to be considered (non-uniform process conditions during deposition, gen-
eration of the design in the resist mask, pattern-transfer, and release etching,
to name a few). An accurate measurement of a film’s elastic strain is of prac-
tical use in micro and nanofabrication, and to obtain devices that behave
predictably. The Lw measurement of elastic strain may also be utilized to
obtain other mechanical quantities. For example, by performing accurate and
independent measurements of the internal stress and stored elastic strain of
a thin film, the material’s Young’s modulus can be calculated with Hooke’s
law: E = σ/ε.

• The sacrificial layer plays two roles: the crack-junction methodology is
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based on the sequence of two steps: surface creation and surface displace-
ment. Conceptually, the sacrificial layer only helps to obtain a predictable
and controllable displacement of the cracked surfaces by defining which parts
of the electrode layer are allowed to relax. In practice, the sacrificial layer also
contributes to the surface creation step (i.e. crack formation). This is because
a free-standing material can more easily relax, which promotes stress concen-
tration, and further limits the creation of new surfaces to the free-standing
material only (i.e. other underlying layers do not crack). In this way, the
sacrificial layer helps in being able to form small nanogap widths.

• The electrode separation is known in absolute numbers: an absolute
knowledge of the distance separating two objects, such as electrodes, is gen-
erally achieved by placing one electrode in mechanical contact with the other.
The mechanical contact provides the information of the relative separation,
since it is equal to exactly 0. When mechanical contact is sensed (usually elec-
trically), the electrode is retracted with sub-nanometric precision away from
the other. Crack-junctions combine advantages on both fronts simultaneously
since the starting point is perfect mechanical contact (thanks to crack forma-
tion) and the retraction of the cracked surfaces is known with high accuracy
(fully-defined by the geometry of the free-standing parts of the electrodes,
and the elastic strain). An absolute knowledge of the distance between two
fabricated objects cannot be obtained with other patterning techniques like
EBL or FIB, for which a AFM or SEM measurement with a calibrated tool
is needed after pattern generation.

• Cracks yield some of the smallest gaps: cracks in thin electrically con-
ducting films intrinsically yield some of the smallest nanofabricated gaps.
This is because most evaporated and sputtered metals exhibit residual ten-
sile stress. Thus, nanofabricated gaps defined by e.g. masking and etching
will subsequently be enlarged by some displacement of the free surfaces due
to relaxation. This effect is even more pronounced in structures which are
suspended.

• Structures that concentrate light also concentrate stress: the bowtie
configuration that is the trademark of plasmonic structures naturally leads
to a stress-concentration configuration that is suitable for generating crack-
junctions. Therefore, crack-junctions are compatible with plasmonic research
provided a suitable electrode material is used, which is the case of TiN used
here.

• The split and divide fabrication process also works for materials
that are not electrically conducting: the split and divide fabrication
process used in the crack-junction methodology can be extended to materials
that are insulating at room temperature. In this case, the term ‘junction’
is not appropriate to call these structures. Even without electrical function,
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these crack structures exhibit interesting characteristics as pure mechanical
objects. For example, the high aspect-ratio of nanogaps could be useful in
nanopore applications. Furthermore, some materials that are electrically in-
sulating at room temperature may have conducting properties at cryogenic
temperatures, such as high-Tc. In fact, copper-oxide superconductors, which
are brittle ceramics, are intrinsically compatible with crack formation, and
thus, with the crack-junction methodology.

• Previous studies of fracture and cracks can be re-visited: fracture
mechanics has traditionally focused on studying fracture to ultimately pre-
dict and prevent crack formation through safe design guidelines. The wide
body of knowledge on cracks, including theoretical and experimental, can be
utilized for the design of crack-junctions with the reverse aim to induce and
control them. Vice-versa, the theoretical and experimental knowledge de-
veloped in crack-junctions can be applied to general fracture mechanics. In
particular, the crack-junction methodology provides a platform for carrying
out systematic studies of fracture events for a statistically relevant number of
nanoscale specimens.



Chapter 6

Crack-defined break junctions

6.1 Introduction

The general crack-junction methodology requires an electrode material that does
not undergo plastic deformation when submitted to the high stresses that provoke
crack formation. This requirement on the electrode material excludes metals that
are ductile. This is a key limitation since noble metals such as gold, which are
typically ductile, hold an extremely important role in nanoelectronics and pho-
tonics, and particularly in molecular electronics thanks to their chemical inertness
and their ability to form covalent bonds with molecules. Furthermore, while duc-
tility is typically detrimental to obtaining repeatable fracture processes, it holds
the key to form two atomically sharp tips by inducing gradual necking of a metal
constriction down to an atomic-sized cross-section. This additional feature of duc-
tile metals is central in single-molecule electronics and spawned the development
of so called break junctions. Break junctions have granted a stable experimental
setup to make contact between molecules and to explore single-molecule physics,
including thermo-electronics, opto-electronics, spin transports, and quantum inter-
ferences. However, the realization of the far-reaching applications envisioned for
molecular electronics and sensing are severely hindered by the lack of scalability
and reproducibility of the present break junction methodologies.

A new methodology is presented here that makes a significant step forward
to tackle the scalability challenge of present break junction techniques. The new
type of break junction introduced, the so-called crack-defined break junction (ab-
breviated CDBJ), can form in a massively parallel fashion. By relying exclusively
on existing conventional microfabrication processes, hundreds of thousands of gold
break junctions can be formed instantaneously and simultaneously on wafer-scale.
While present break junction methodologies require an hour-long procedure to form
a single device, making a million CDBJs takes as much time as making one. This
concept is introduced and demonstrated in Paper 3.
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6.2 General methodology for forming crack-defined break
junctions

The crack-defined break junction methodology allows for the fabrication of pairs of
sharp electrode tips separated by nanometer gaps in a scalable fashion. The basis of
the crack-defined break junction concept is the observation that the displacement of
the cracked surfaces in the crack-junction methodology can be utilized to impart a
mechanical pulling action to a layer fixed on top of the brittle material, as illustrated
in Figure 6.1. More specifically, the pulling action would be imparted to the section
of the layer located just above the crack-line in the brittle material. When the top
layer consists of a ductile metal, crack-junctions would then each behave as a nano-
pulling stage for the ductile metal.

The methodology to form a CDBJ is similar to fabricating a simple crack-
junction, only that now the brittle material is not necessarily electrically conducting
and is pre-coated with a ductile metal. In a first step, a clamped-clamped bridge
structure is fabricated and initially fixed on a substrate. The bridge structure is
composed of a layer stack of a pre-strained brittle material and of a thin ductile
metal. The bridge structure is designed with a stress concentration structure (e.g.
a pair of notches) to localize the crack formation in the brittle material, which
localizes the section of the ductile metal that will be pulled and broken. In a
following step, the bridge structure is released from the surface of the substrate
by selectively removing the material underneath the bridge. From this point on,
the sequence of steps leading to formation of the electrode tips occur in a purely
automatic fashion by the elastic strain. As it is detached from the substrate, the
pre-strained bridge relaxes to maintain equilibrium of forces and high stresses are
generated at the notches. The high stresses provoke the formation of a crack at the
notches across the brittle material. As a result, two separate cantilevers are formed
in the brittle material, featuring each a crack-defined surface. Each brittle cantilever
automatically relaxes the remaining strain, thereby provoking the retraction of
the cracked surfaces in opposite directions. The retraction of the cracked surfaces
produces a pulling displacement on the section of the ductile metal located just
above the crack-line. As it is strained, the ductile metal gradually necks. Upon
a sufficiently large pulling displacement, the strained ductile metal breaks. When
the elastic strain stored in each cantilever is released completely, the metal surfaces
reach a fixed separation, d, that defines the final electrode separation. The formed
pair of metal electrode tips with the nanoscale separation is called a crack-defined
break junction (CDBJ).

6.3 Technological implementation of the crack-defined
break junction methodology

The implementation of the crack-defined break junction methodology requires se-
lecting suitable materials and deposition processes. The requirements on the ma-
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Figure 6.1: Illustration of the concept behind the crack-defined break junction method-
ology, which is based on a sequence of two basic split-and-divide processes applied succes-
sively to a brittle material first, and then to a ductile metal.

terials are the following:

1. Substrate material:

• compatible with existing conventional semiconductor processing;

2. Sacrificial material:

• strong adhesion to substrate;
• low stress;
• etchable sideways in a wet or dry etch process, selectively to the brittle,

electrode, and adhesion materials;

3. Brittle material:

• electrically conducting or insulating;
• strong adhesion to sacrificial material;
• residual tensile stress at room temperature;
• mechanically brittle (limited plastic deformation during fracture);
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• low fracture strength;
• patternable using conventional processes;

4. Electrode material:

• electrically conducting;
• mechanically ductile;
• strong adhesion to brittle material;
• similar residual tensile stress at room temperature than that of brittle

layer (to avoid bimorph effect);
• patternable using conventional processes.

Additionally, the substrate material or an interlayer between the brittle layer
and the substrate needs to be electrically insulating to allow separate electrical
probing of each of the electrodes after breaking.

For each of these four materials, a multitude of potential candidates fulfill the
requirements. Thus, a multitude of combinations are compatible with the crack-
defined break junction methodology. In this thesis, the following combination is
used:

1. Substrate:

• 515 µm-thick 4 inches (4in) silicon (Si), passivated with 200 nm of ther-
mal oxide;

• Motivation: same as for crack-junctions, see Chapter 4;

2. Sacrificial material:

• 200 nm-thick amorphous silicon (a-Si), deposited in plasma-enhanced
CVD; etched selectively and isotropically in plasma etcher;

• Motivation for material: a-Si was chosen over Al2O3, which was used
for demonstrating the general crack-junction methodology (see Chapter
4), because wet release-etching processes for Al2O3 were found to induce
the delamination of the ductile metal layer and thus, the pulling dis-
placements from the cracked cantilevers could not be properly imparted
to induce the formation break junctions. The isotropic plasma etch-
ing of amorphous silicon allowed release-etching of the bridges without
delamination of the ductile metal layer;

3. Brittle material:

• 50 nm-thick titanium nitride (TiN), deposited in ALD; patterned by
masking and etching;
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• Motivation for material: same as for crack-junctions. The main advan-
tage of re-using TiN as the brittle material is that the process of mak-
ing TiN crack-junctions is already in place and very stable. The main
drawback of using TiN is that it is an electrically conducting material.
Choosing an electrically conducting brittle material can in principle lead
to another conducting path in the junction through the brittle material
rather than through the ductile material as intended. This issue was ad-
dressed by receding the cracked TiN surfaces by wet etching (see section
6.6). An advantage of relying on a brittle material that is electrically
conducting is that making an electrical contact with the ultra-thin duc-
tile metal can be done via the brittle material instead. Performing an
electrical contact via the brittle material is easier since it is much more
stable mechanically;

4. Electrode material:

• 10 nm-thick, gold (Au), evaporated; requires a chromium (Cr) adhesion
layer; patterned in ion beam etching;

• Motivation for material: there is an extremely wide body of knowledge
available since gold is one of the most utilized and studied materials
along with silicon, used in a very wide range applications for its chemi-
cal stability, electrical conductivity, and ability to form covalent bonds
with functional groups in molecules. Importantly, gold is ductile down
to an atomic level, which helps forming atomically sharp tips when me-
chanically pulled. Chromium was used as adhesion layer since it is not
removed during the silicon plasma release etching step. This is neces-
sary since delamination of the ductile metal could prevent the mechan-
ical pulling action to be properly imparted. Moreover, chromium can
be removed easily in oxygen plasma, which is anyway a post-processing
cleaning step. Although gold cannot easily be patterned using conven-
tional processes, the thin gold layer utilized here could be patterned with
a short ion beam etching. Relying on a ’rough’ ion milling process is ac-
ceptable since the facing electrode surfaces are not formed during this
step, but during the cracking-pulling-breaking step.

The technological implementation for producing one crack-defined break junc-
tion is illustrated in Figure 6.2. More details on the methods, including the tools
and process recipes used, can be found in Paper 3. The process starts by the de-
position of a-Si on top of the silicon wafer, followed by the deposition of TiN on
top of a-Si. After deposition, TiN exhibits high residual tensile stress due to the
mismatch in coefficients of thermal expansion (CTE) between TiN and Si. Then, a
10 nm-thick layer of gold is deposited on top of TiN, using a 3 nm-thick chromium
layer as adhesion intermediate for the gold. The gold/TiN stack is then patterned
to outline the notched bridge structure. Patterning of the gold/TiN stack is done
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with conventional masking and etching. In this work, wafer-scale stepper lithogra-
phy was used to outline the bridge structure in the resist mask. The fabrication of
the resist mask is followed by wafer-scale pattern-transfer to the gold first, using
ion beam etching, and to the TiN layer by conventional plasma etching. Up until
this step, no pulling action has yet developed since the gold-coated bridge structure
is still intact and constrained on the a-Si. Thereafter, the exposed a-Si is selectively
removed in a plasma etch which provokes the release of the gold-coated bridge struc-
ture. During this step, the internal stress of the notched bridge redistributes, and
concentrates at the notches. When the stresses overcome the fracture strength of
TiN, a crack nucleates and propagates across the TiN notched constriction. Upon
complete fracture, two TiN cantilevers are formed but remain linked by the gold
layer on top. Each cracked TiN surface further retracts in opposite directions to
release their internal tensile stress, which induces straining of the section of gold
located above the crack-line. Upon a sufficient pulling displacement w, the gold
necks and breaks. Each gold tip further retracts in opposite directions until the
elastic strain stored in the TiN cantilevers is fully released. The final distance that
separates the gold tips, i.e. electrode separation, is called d. Each of the gold tips
formed on top of the TiN cantilevers can be used as an electrically isolated electrode
whose surface potential can be adjusted separately.

6.4 Demonstration of up- and down-scaling

6.4.1 Manufacturing scalability (large-scale fabrication)
The potential for manufacturing scalability of CDBJs has the same origin as for
conventional crack-junctions (see section 4.4.1), which is thanks to the split-and-
divide process of elastic strain inducing the self-formation of break junctions. Here,
hundreds of thousands of gold-coated bridge structures could be fabricated on wafer-
scale using stepper lithography, thereby resulting in the highly parallel formation
of crack-defined break junctions during the release-etching step. Densities up to
7 million junctions per cm2 were obtained, as shown in Figure 6.3. The yield of
crack formation was investigated for a standard notched bridge design, and ex-
ceeded 99.7% (3 out of 1250 junctions were found to be uncracked). This yield
is likely much higher for junctions featuring narrower constrictions for which the
stress concentration effect is larger. Furthermore, the presented methodology is
compatible with batch-fabrication and integration on top of fully processed CMOS
substrates.

6.4.2 Size scalability and breaking of gold
The potential for size scalability of CDBJs is different than that of conventional
crack-junctions. This is because, unlike for crack-junctions, crack formation in CD-
BJs is not synonym with successful nanogap formation. While a crack-junction sim-
ply requires a sufficiently high localized stress level to induce the formation of two
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Figure 6.2: Schematics illustrating the crack-defined break junction methodology. First,
a layer stack consisting of a brittle material (TiN) and of a ductile metal (gold) is pat-
terned to outline a notched bridge structure. The brittle layer is under residual tensile
stress at room temperature. Then, the electrode-bridge structure is released by etching
of the sacrificial material underneath, thereby inducing the formation of a crack in the
bridge. The resulting brittle cantilevers retract their crack-defined surfaces, which induces
a pulling displacement on the ductile metal located just above the crack-line. Upon a suffi-
cient pulling displacement, the ductile metal necks until breakage. The resulting structure
is a break junction which consists of a pair of sharp electrode tips separated by a nanogap.

separate surfaces, a CDBJ further requires a sufficient width of the crack-defined
gap (i.e. pulling displacement) to induce breaking of the ductile metal. Therefore,
the bridge structures of CDBJs are inevitably longer. In a rough approximation, it
was found that the pulling displacement required to achieve complete breaking of
the gold was twice its thickness. The dimensional scaling property of crack-defined
nanogaps (see section 4.4.2) was used to investigate the breaking mechanism of
gold.

The crack formation in TiN is characterized by the breaking of the various inter-
atomic bonds along the crack-line, without plastic flow, until complete fracture of
the bridge is accomplished. For the ductile gold instead, three different regions can
be distinguished depending on the extent of the straining achieved by the retraction
of the cracked surfaces (i.e. pulling displacement), as shown in Figure 6.4. These
three regions were characterized in an SEM by imaging bridges featuring various
pulling displacements. At small pulling displacements, the section of gold above
the crack-line is simply necked (type-(i) junctions). In this region, very little can
be observed by SEM imaging other than a lighter area in the gold which reveals the
path of crack-line in the TiN. At large pulling displacements, complete breakage of
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Figure 6.3: SEM and optical images showing crack-defined break junctions and the fab-
ricated wafer at various magnifications. The crack-defined break junction methodology
was demonstrated using wafer-scale processes on a 100 mm-diameter silicon wafer, in-
cluding stepper lithography to outline hundreds of thousands of bridge structures. Upon
release-etching, the great majority of the bridges developed a crack in a highly parallel
fashion, and each generated a specific pulling displacement on the section of metal located
above each crack-line.

the gold is accomplished (type-(iii) junctions). In this region, a visible gap between
the gold electrodes can be clearly distinguished in an SEM. At in-between pulling
displacements, there is a gradual transitioning in the gold from necking to com-
plete breakage. This region is characterized by the nucleation of nanoscale voids.
These voids grow and link to form larger voids at increasing pulling displacements,
thereby defining elongated ligaments in the gold which connect each electrode can-
tilever (type-(ii) junctions). The positions, orientations, sizes, and numbers of these
ligaments are largely unpredictable, although depend on the pulling displacement
and on the width of the notched constriction. It was for example observed that the
narrower the constrictions, the smaller the pulling displacements needed to induce
complete breakage.

In the same way as in conventional crack-junctions, arbitrarily large electrode
separations can be obtained by suitably scaling the bridge length.

6.5 Demonstration of gold break junctions featuring sub-3
nm gaps

Gold break junctions have been instrumental in single-molecule electronics due
to their ability to form nanocontacts with atomically sharp electrode tips, which
are needed to contact single molecules. For crack-defined break junctions, this
is possible thanks to the formation of ligaments along the crack-line, and their
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Figure 6.4: Illustration of the breaking mechanism of gold producing crack-defined break
junctions. Breaking was investigated by SEM imaging of various CDBJs designs featuring
different length L, and thus, pulling displacements w. At very small pulling displacements
below 3 nm, the section of the metal located above the crack-line simply necks (type-(i)
junctions). At increasingly larger pulling displacements, voids nucleate and grow in the
strained metal. The nanoscale voids outline ligaments that bridge the electrodes (type-
(ii) junctions). At even larger pulling displacements, the ligaments neck and finally break
(type-(iii) junctions). Because of variability in the breaking mechanism (due to path of
crack in brittle material, presence of grains in ductile materials, etc), there is a gradual
transitioning between type-(ii) and type-(iii) junctions, with a certain probability to obtain
each given a specific pulling displacement (fixed L). Scale bars in SEM images: 50 nm.

subsequent breaking. Ideally, a single ligament should form and break but preserve
an electrode separation smaller than 5 nm.

Considering a stochastic breaking process, it is preferable to design junctions so
that the breaking process is centered between type-(ii) and type-(iii) junctions. In
this way, we expect to have the highest probability to obtain crack-defined break
junctions featuring the smallest gaps, such as sub-5 nm gaps. However, it is not
possible to accurately characterize gaps that are sub-5 nm in an SEM. Thus, it
was necessary to rely on electrical measurements. Specifically, detectable tunneling
currents for voltages of 0 - 10 V across the gaps reveal the presence of gaps that
are sub-3 nm. Among the 86 successfully probed junctions, it was found that 7
exhibited the exponential I-V graph characteristic of tunneling, demonstrating a
yield of 8% to form break junctions featuring sub-3 nm gaps based on our techno-
logical implementation of the crack-defined break junction methodology. The other
junctions exhibited either connected electrodes with conductances between 30 and
90 G0, or completely isolated electrodes. This is illustrated in Figure 6.5, upper
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panels.
Thereafter, each probed junction was examined by SEM imaging to obtain qual-

itative correlation by comparing the electrical characterization of the junctions with
their morphology. This investigation revealed that the electrical conduction mech-
anism could be confirmed in 85 out of 86 junctions. Specifically, all junctions that
had isolated electrodes when probed featured gaps that were clearly visible in an
SEM. All junctions for which tunneling could be detected exhibited ligaments that
were locally pinched. For these junctions, no gap nor continuous ligament between
the electrodes was visible in SEM images. Finally, all junctions but one that had
low-resistance ohmic behavior exhibited at least one clearly intact ligament connect-
ing the electrode cantilevers. One of the junctions exhibited a visible gap, while the
electrical characterization revealed ohmic conduction. In this case, the ligament is
assumed to have been broken during SEM imaging. Representative SEM images of
CDBJs are shown in Figure 6.5, lower panels.

6.6 Design and fabrication considerations

The most important design consideration concerns the geometrical design of the ini-
tial bridge structure which pre-determines the cracking-pulling-breaking event that
generates a break junction. In the same way as for conventional crack-junctions,
the notched constriction of the bridge should be designed to develop sufficiently
high stresses to trigger crack formation in the brittle material. These design con-
siderations have already been discussed in Chapter 4. These considerations are
applicable to the fabrication of crack-defined break junctions provided the thick-
ness of the brittle material is sufficiently large as compared to the thickness of the
ductile metal to remain mechanically unaffected by its presence. Furthermore, the
notched constrictions should be carefully designed since the width of a constriction
has an impact on the number of ligaments formed. Constrictions that are narrower
result in fewer ligaments and simultaneously exhibit an increased constriction effect
which promotes crack formation, both of which are desirable features. Finally, the
length of the bridge, which determines the pulling displacement, must match the
consideration on the thickness of the ductile metal to obtain a complete breaking.

Concerning fabrication considerations, it is expected that the thickness and
grain structure of the ductile metal layer has great influence on the cracking and
breaking mechanisms. It is preferable that the gold layer remains much thinner
than the brittle layer to minimize the influence it has on the crack formation and
propagation, and on the pulling displacement generated by the brittle material.
Moreover, in case a small difference in internal stress exists between the ductile
and the brittle materials, the risk for bimorph effect is minimized for a thin layer
of ductile metal. The bimorph effect could result in an out-of-plane bending after
breakage that would significantly enlarge the electrode separation. Furthermore,
a thicker ductile metal layer could significantly affect the pulling displacement re-
quired to obtain complete breakage. For the 10 nm-thick gold layer used here, the
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Figure 6.5: Demonstration of tunneling gold CDBJs featuring sub-3 nm gaps. Most junc-
tions have either connected ligaments or nanogaps larger than 3 nm. Out of 86 junctions
characterized, 7 showed exponential I-V dependence at sub-10 V, thereby demonstrating
electrode separations smaller than 3 nm for about 8% for these junctions. SEM imaging
of all the junctions probed revealed a high correlation between the measured conduction
mechanism and morphology. Scale bars in SEM images: 200 nm, and 100 nm for the inset
SEM images.

transitioning to complete breakage occurred for pulling displacements of the order
of twice the thickness of the gold, or 20 nm. In terms of bridge length, a pulling
displacement of 20 nm is rather significant since it requires bridges as long as 7 µm.
Therefore, using a thicker gold layer comes at the expense of footprint. It is also
expected that the window of pulling displacements that produce type-(iii) bridges
will be much wider for thicker ductile metal layers. This will lead to more variabil-
ity and statistically fewer junctions featuring the targeted electrode separation. In
summary, it is mostly advantageous for the gold layer to remain as thin as possible.

In case the brittle material is electrically conducting, an unwanted electrical
conducting path (ohmic or tunneling) can occur through the brittle material instead
of the ductile metal. Therefore, it is necessary to recess the cracked surfaces to
enlarge the width of the crack-line and ensure the electron current can only flow
through the tips of the ductile metal. An experimental obstacle is to find a suitably
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selective etchant that does not provokes the delamination of the ductile metal layer.
The receding of the cracked surfaces of TiN without delamination of the gold was
successfully achieved by applying SC-1 after the release-etching step. The receding
of the TiN surfaces was confirmed by SEM imaging of pieces of gold-coated TiN
that overturned during this wet etching step (see Figure 6.6).

Another fabrication consideration is that the ductile metal can in principle be
replaced with any other material, whether ductile or brittle, electrically conducting
or insulating. Cracking of amorphous silicon oxide films was tested and it was found
that the crack-line was much smoother compared to polycrystalline TiN. Cracking
of platinum was also tested and ligament formation could be observed, although
more brittle-like than gold.

TiN
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Gold-coated
substrate surface

Gold-coated substrate surface

TiN Gold

Gold-coated substrate surface
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Figure 6.6: Top view SEM images showing two different gold-coated TiN pieces that
overturned, with a schematic illustration in cross-sectional view. The SEM images confirm
that SC-1 receded the TiN surfaces and left the adhesion of the gold layer intact. The SC-1
etch used here is a critical step that ensures TiN does not contribute to the conduction
in CDBJs. This step can be circumvented altogether by choosing a brittle material that
is electrically insulating.

6.7 Summary: advantages and drawbacks of CDBJs

6.7.1 Advantages

• CDBJs circumvent the need for an external apparatus to drive the
breaking process: to reach sufficient process control to obtain sub-5 nm
gaps, EBJs and MCBJs rely on sophisticated external apparatuses (feedback-
controlled current source and motorized bending stage, respectively). Crack-
defined break junctions instead rely on internal stress built in the brittle layer,
which is a fully integrated solution to induce the breaking of metal constric-
tions instantaneously and in highly parallel fashion without any electronic
equipment;
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• CDBJs can be mass-produced and integrated: thanks to the self-
generated nature of the cracking-pulling-breaking events, we only need to
fabricate the suspended and notched bridge structures. Thus, the require-
ments on the lithography are greatly relaxed, which grants compatibility with
conventional wafer-scale processes. In this way, high-density arrays of CDBJs
can be produced simultaneously in a truly parallel fashion (time-to-fabricate
independent of density of devices). Furthermore, CDBJs can be accurately
placed and rotated with respect to one another or to pre-existing features on
the substrate, such as for integration with on-chip interconnects and electron-
ics on a fully processed CMOS wafer;

• The width of the crack in the brittle material sets the largest elec-
trode separation: MCBJs and EBJs do not have upper bounds to how far
the gold electrodes retract after breaking. It is not unlikely to obtain gaps that
are 50 to 100 nm-wide after an electromigration procedure. In crack-defined
break junctions, the cracked surfaces of the brittle material force the ductile
metal to maintain a fixed position after breaking. Therefore, the electrode
separation after breaking cannot exceed the width of the crack.

6.7.2 Drawbacks
• Reproducibility of the gapwidth is limited by the crystallinity of

brittle and ductile materials: The variability of the breaking process of
CDBJs, although comparable to EBJs, is too high still for practical appli-
cations. There is a long way to achieve reproducible necking and breaking
of atomic-scale constrictions of gold. However, there is significant room for
improvement, by e.g. using brittle and ductile materials that are single-
crystalline, and by positioning the notched bridge structure such that the
cleavage plane in the brittle material corresponds to a crystal plane for which
channeling crack is favored;

• The electrode surfaces are potentially contaminated: in contrast to
MCBJs or EBJs, the sensitive metal surfaces of CDBJs are necessarily in
contact with the sacrificial etchant. This could be avoided by decoupling the
release-etching step and the crack formation step. This is done by designing
the bridges such that the maximum localized stress remains below the fracture
strength of the brittle material, thereby resulting in uncracked bridges after
the release-etching step. Then, additional tensile stress is supplied by e.g.
substrate bending or thermal shock, thereby triggering the cracking-pulling-
breaking step in a controlled environment;

• The electrode separation of CDBJs is not dynamically adjustable
after nanogap formation: in the current technological implementation of
the crack-defined break junction methodology, the pulling is a one-time ac-
tion. After retraction of the cracked surfaces, the electrode separation is not



66 CHAPTER 6. CRACK-DEFINED BREAK JUNCTIONS

further adjustable. This can be solved by fabricating CDBJs with an inte-
grated electrostatic or piezo-electric actuation scheme, such as is done for
NEM switches. Moreover, CDBJs are also compatible with integration in a
3-point bending stage to carry out dynamic MCBJ experiments. In this case,
the attenuation factor for CDBJs is about 10−6;

• The footprint of a CDBJ is larger than that of a CJ: the demand
on the extra displacement of the cracked surfaces to induce breaking of the
ductile metal is significant. While a sub-3 nm electrode separation in a con-
ventional crack junction requires a sub-3 nm crack-defined nanogap, a sub-3
nm separation in a crack-defined break junction may require a five times larger
crack-defined nanogap, thereby requiring a five times longer bridge.



Chapter 7

Fabrication of single nanowires
with a crack-defined shadow mask

7.1 Introduction

The release of a pre-strained notched nanobridge triggers the self-formation of a
nanogap of well-controlled dimensions. Compared to other nanogap manufacturing
techniques, this methodology has three interesting aspects:

• the nanogaps do not need to be patterned directly, only the notched bridges
structures need to be fabricated; these structures are sufficiently large for
granting compatibility with conventional wafer-scalable manufacturing tech-
niques;

• the width of the nanogaps is defined via simple geometric considerations;

• the resulting nanogap structure is free-standing.

In this chapter, these aspects are used as features to demonstrate a continuation
concept which aims at the scalable fabrication of single nanowires featuring precisely
controlled width and length, and that are each automatically integrated with their
own electrical probing structure.

7.2 General methodology for forming single nanowires with
a crack-defined shadow mask

The basis of the concept of forming nanowires with a crack-defined shadow mask
is the observation that the negative of a nanocrack is a nanowire. Thus, the neg-
ative of a crack-junction is a nanowire connected at its extremities by two contact
pads, one at each extremity of the nanowire, as illustrated in Figure 7.1. The
nanowire and its contact pads can be viewed as an integrated single nanowire de-
vice. The practical implementation of this concept is facilitated by the presence

67
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of the physical separation between the plane of the crack-defined mask and the
plane of the substrate surface. This separation is defined by the thickness of the
sacrificial layer. Thanks to this physical separation, pre-fabricated crack-junctions
can serve as a shadow mask to define single nanowire structures on the surface
of the substrate. The presence of undercuts under the edges of the shadow mask
ensures that the formed nanowires are automatically isolated electrically from the
plane of the shadow mask. In this thesis, electron-beam evaporation was used to
demonstrate the concept of forming nanowires with a crack-defined shadow mask.

The methodology to form a nanowire starts with the fabrication of the crack-
defined shadow mask. This is done by fabricating a clamped-clamped bridge struc-
ture such that it is pre-strained, and initially fixed on sacrificial layer on a substrate.
The bridge structure is designed with a stress concentration structure (e.g. a pair of
notches) which localizes crack formation. In a following step, the bridge structure
is released from the surface of the substrate. As it is detached from the substrate,
the pre-strained bridge fractures, thereby defining two suspended cantilevers sepa-
rated by a crack-defined nanogap. Finally, a material is evaporated on top. During
this step, the cantilevers act as a shadow mask whereby the evaporated material
that lands on the surface of the substrate is physically separated from the mate-
rial landing on top of the cantilevers. Specifically, the evaporated material that
has passed through the crack-defined nanogap forms a nanowire on the surface of
the substrate, whereby the length and width of the crack-defined gap respectively
define the width and length of the nanowire.

7.3 Technological implementation of the crack-defined
shadow masking methodology

The implementation of the crack-defined shadow masking by evaporation requires
selecting suitable materials and deposition processes. The requirements on the
materials are the following:

1. Substrate material:

• compatible with existing conventional semiconductor processing;

2. Spacer sacrificial material:

• strong adhesion to substrate;
• low stress;
• etchable sideways in a wet or dry etch process, selectively to the shadow

mask material;

3. Shadow mask material:

• mechanically brittle;
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Figure 7.1: Schematic illustration of the concept of fabricating single nanowire devices
based on a crack-defined shadow mask.

• strong adhesion to spacer material;

• residual tensile stress at room temperature;

• low fracture strength;

• patternable using conventional processes;

• mechanically stable under deposition of evaporated material;

4. Nanowire material:

• can be evaporated;

• good adhesion to top surface of substrate;

• low stress to minimize the risk of bimorph effect on the shadow mask.
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Additionally, the surface of the substrate on top of which the nanowire material
lands needs to be electrically insulating to allow separate electrical probing of each
of the nanowire ends after evaporation.

For each of these four materials, a multitude of potential candidates fulfill the
requirements. Thus, a multitude of combinations are compatible with the crack-
defined shadow masking methodology. In this thesis, the following combination is
used:

1. Substrate:

• 515 µm-thick 4 inches (4in) silicon (Si), passivated with 2.5 µm of thermal
oxide;

• motivation: same as for crack-junctions, see Chapter 4;

2. Spacer sacrificial material:

• 200 nm-thick aluminum oxide (Al2O3), deposited in ALD; etched selec-
tively and isotropically in KOH;

• motivation: same as for crack-junctions. An unusually thick layer was
used here to ensure electrical isolation between crack-junction plane and
substrate plane after evaporation of potentially electrically conducting
nanowire material;

3. Shadow mask material:

• 70 nm-thick titanium nitride (TiN), deposited in atomic layer deposition
(ALD); patterned by masking and etching;

• motivation: same as for crack-junctions. The main advantage of re-
using TiN as the brittle material was that the process of making TiN
crack-junctions was already in place and very stable. The fact that TiN
is electrically conducting does not lead to the same issue as for crack-
defined break junction of competing electrical conduction through TiN
since, as a shadow mask, the cantilevers only play the role of mechanical
structures;

4. Nanowire material:

• 10 nm-thick, gold (Au), evaporated; requires a chromium (Cr) adhesion
layer;

• motivation: there is an extremely wide body of knowledge available since
gold is one of the most utilized and studied materials along with silicon,
used in a very wide range of applications for its chemical stability, elec-
trical conductivity and ability to form covalent bonds with functional
groups. Chromium was used as adhesion layer. Ultimately, any other
material that can be evaporated is compatible with the methodology.
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The technological implementation for producing a gold nanowire based on this
material combination is illustrated in Figure 7.2. More details on the methods,
including the tools and process recipes used, can be found in Paper 4. The process
starts by the deposition of Al2O3 on top the silicon wafer, followed by the deposition
of TiN on top of Al2O3. After deposition, TiN exhibits high residual tensile stress.
The TiN layer is then patterned to outline a notched bridge structure. In this work,
e-beam lithography (EBL) and stepper lithography were used to outline bridge
structures in the resist mask on chip and wafer-scale, respectively. The fabrication
of the resist mask is followed by pattern-transfer to the TiN layer by dry plasma
etching. Thereafter, the exposed Al2O3 is sacrificially removed in a wet etch which
provokes the release and fracture of the TiN bridge structure. In a final step, a thin
layer of gold is evaporated on top. The evaporation is carefully tuned so that the
direction of the evaporated gold is perfectly normal to the surface of the substrate.
As it is deposited, the gold passing through the crack-defined nanogap defines a
gold nanowire on the oxidized surface of the substrate. Each pad at the nanowire
extremity can be used as an electrically isolated electrode whose surface potential
can be adjusted separately to drive the nanowire.

Morphological characterization of the resulting gold nanowires was carried out
with SEM and AFM. An example of nanowire is shown in Figure 7.2. Accurate
reproduction of the cantilever shape is achieved in the evaporated material on the
surface of the substrate. Specifically, the gold nanowires precisely follow the shape
of the complementary cracked surfaces. Thus, the nanowires are best defined when
the path of the crack is a perfectly straight line. Any deviation from the straight line
will affect the shape of the nanowires. As expected, nanowires are automatically
anchored at their ends by pads, thereby allowing the nanowires to be integrated
in a contact structure directly after evaporation. Some out-of-plane bending can
be observed on the gold-coated cantilevers (see e.g. Figure 7.5). This is the result
of the residual stress in the gold which induces a bimorph effect with the initially
stress-free cantilevers. This out-of-plane bending induced by residual stress from
the evaporated material is one of the main considerations to take into account for
successful implementation of this shadow masking concept.

The nanowires were further examined in an AFM. To allow for the AFM tip
to access the nanowires physically, it was necessary to remove the cantilevers of
the shadow mask, which was done manually using an adhesive tape (see Paper
4). The AFM images shed light on the 3-D topography of the nanowires. In par-
ticular, the topography mapping reveals a grainy morphology of the nanowires, as
expected from the inevitable polycrystallinity of EB-evaporated gold. Furthermore,
the nanowire cross-section exhibits a bell-like shape, which is the result of the min-
imization of the surface energy when the evaporated material lands on the surface
of the substrate.
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Figure 7.2: Overview of the crack-defined shadow masking methodology to form single
nanowires. First, a crack-defined nanogap structure is formed according to the crack-
junction methodology (see Chapter 4). The width of the nanogap WNG is controllable
since it is proportional to the length LSM of the bridge by the elastic strain ε. The nano-
gap structure serves as a shadow mask during the subsequent evaporation step. During
evaporation, the material passing through the nanogap and landing on the surface of the
substrate forms a nanowire connected at its extremities by two pads. The width and
length of the formed nanowire are directly defined by those of the crack-defined nanogap.

7.4 Demonstration of up- and down-scaling

The manufacturing of single nanowires based on this shadow masking methodology
is highly scalable since all the processing steps are compatible with conventional
wafer-scale processing. First, the crack-defined shadow mask can be produced in a
highly parallel fashion using conventional optical lithography. This is thanks to the
use of crack formation to induce the nanogaps, and is discussed and demonstrated
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in Chapter 4. Here, the fabrication of the shadow mask was performed using EBL
on chips and stepper lithography on an entire wafer. Second, the formation of the
nanowires during the evaporation step on top of the pre-fabricated shadow mask is
highly parallel on wafer-scale. Therefore, overall, forming one thousand nanowires
takes as much time as forming one. Here, evaporation was performed on chip-level
only, although there is no intrinsic limitation to upscale to wafer-scale. Another
advantage of this methodology is that it is compatible with processing on top of a
fully processed CMOS wafer. In this way, hundreds of thousands of single nanowires
can be formed simultaneously and connected to on-chip electronic circuits and thus
form complex systems composed of integrated single nanowire devices.

Since evaporation makes a copy of the negative of the shadow mask on the
surface of the substrate, the width and length of the crack-defined nanogaps define
those of the nanowires. Thus, the potential to downscale nanowires depends on
the ability to downscale the crack-defined nanogap of the shadow mask, which is
demonstrated and discussed in Chapter 4. Scaling was demonstrated both for the
length and the width of nanowires. Examples of wider and longer shadow masking
cantilevers, which respectively produced longer and wider nanowires, are shown
in Figure 7.3. Even ultra-short nanowires (i.e. dots) could be formed, when the
constriction widths approached the nanogap widths. The correspondence between
the dimensions of the crack-defined nanogaps and the resulting nanowires was found
to be extremely consistent, thereby providing evidence of a well-defined 1:1 pattern-
transfer during evaporation (see Figure 7.2).

However, the use of evaporation brings a physical limitation on how small con-
tinuous nanowires can be made. This is because, while the crack-defined gap can in
principle resolve sub-5 nm, some material gradually accumulates sideways on the
edges of the shadow mask during deposition, which effectively narrows the width
of the nanogap and may even seal it off completely. This blurring effect decreases
the amount of evaporated material that passes through the crack-defined nanogap,
thereby lowering the thickness of the nanowire. At the same time, the evaporated
material landing on the surface of the substrate first grows in disconnected islands.
It is only after a certain thickness is deposited that the initially disconnected is-
lands coalesce to form a structurally continuous nanowire. Because of the interplay
between blurring and growth effects, there is a threshold in nanogap width below
which the nanowires have a high chance of being discontinuous. This threshold was
found to be at between 10 and 15 nm.

7.5 Electrical characterization of gold nanowires

Electrical characterization of gold and palladium nanowires was performed using
probe needles on the self-generated contact pads at the extremities of the nanowires.
Since the contact pads consisted of metal (same material as the nanowire), the gold
nanowires could be probed directly without further metallization after evaporation.
Four-point measurement was favored over two-point to improve the accuracy of the
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Figure 7.3: Demonstration of gold nanowires featuring different widths and lengths,
formed by evaporation of gold on top of suspended crack-defined nanogaps.

measurement of the nanowire resistance. An overview image of a complete nanowire
device probed is shown in Figure 7.4.

As expected from the SEM and AFM morphological characterization of the
nanowires performed previously, the nanowires exhibit well-discriminated incre-
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ments of resistance for corresponding increments of input design parameters (LSM ,
which sets the nanowire width WNW , and WCC , which sets the nanowire length
LNW ). The changes in nanowire resistance with respect to nanowire width are
however not linear, as could have been expected from a linearly increasing nano-
gap width, but instead polynomial. This dependence is due to a combination of
the blurring effect, which effectively decreases the thickness of narrow nanowires
(leading to higher resistances), and cantilever bending due to thermal stress dur-
ing evaporation, which leads to nanowire widening (leading to lower resistances)
for nominally wider nanowires. The modulation of the thickness of the nanowires
was confirmed by AFM mapping of the nanowires. Furthermore, this non-linearity
could be induced by changes in the electrical properties with respect to bulk prop-
erties for ultra-thin nanostructures, for which the texture and morphology of the
material (i.e. grains and grain boundaries) have important contributions.

7.6 Demonstration of material flexibility

An advantage of electron beam evaporation is the compatibility with an extremely
wide range of materials. We demonstrated the fabrication of nanowires made of
gold, palladium, platinum, nickel and tungsten, among others, as shown in Figure
7.5.

The advantage of relying on a hard shadow mask, as opposed to a soft polymer
shadow mask, is that it is compatible with ultra-high vacuum, or with high tem-
perature deposition. This broadens the range of materials and depositions methods
compatible with the proposed methodology.

7.7 Design considerations

The most important design considerations involve the design of the crack-defined
shadow mask, including the formation and propagation of the cracks, as well as
lengths and widths of the crack-defined nanogaps. These have already been covered
in Chapter 4. These considerations are applicable to the fabrication of shadow
evaporated nanowires.

However, some important differences between the design of conventional crack-
junctions and that of nanowires must be considered. First, each extremity of a
nanowire must be probable separately. Based on the single-lithography process
used here, having the probing pads of the nanowire electrically separate necessarily
entails the presence of an uninterrupted path of shadow mask surrounding the
probing pads of the nanowire. This is not a significant design consideration, except
in that it hinders separate electrical probing of the cantilevers of the shadow mask,
which could be used e.g. as a self-aligned heater for each individual nanowire. At
least one additional process step is required to obtain both the shadow mask and
the nanowire probable separately after evaporation.
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Figure 7.4: Electrical characterization of gold nanowires. a) SEM image in top view of a
gold nanowire in a 4-point probing structure. The four probing pads are formed during the
same single evaporation step as for the nanowire. No additional processing step is required
for the probing of the nanowires. b) Typical I-V graphs for gold and palladium nanowires,
showing ohmic behavior. c) Graph showing the dependence of nanowire resistance with
respect to the nanowire width, for a fixed nanowire length. A combination of blurring
effect at the edges of the crack-defined surfaces and cantilever bending during evaporation
explains the non-linear dependence.

7.8 Fabrication considerations

The most important fabrication consideration relates to the crack-defined shadow
mask. In particular, there is a trade-off between the need for thin cantilevers to get
the best reproduction of the crack-line, and the need for a thick material for me-
chanical stability. When the cantilevers are thick, line-of-sight must be very precise
and vertical nanoscale roughness of cracked surfaces must be very low. When the
cantilevers are thin, there is a risk for out-of-plane bending of the cantilevers dur-
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Gold Palladium

NickelPlatinum Tungsten

Tin

Figure 7.5: Demonstration of the crack-defined shadow masking methodology for dif-
ferent materials. Tin, which grows in large and disconnected islands, does not produce
continuous nanowires. Other materials like nickel, tungsten, and, to a smaller extent,
platinum, induce cantilever bending during evaporation due to thermal stresses. For these
materials, the nanowire width is effectively increased as a result of the gradual widening
of the nanogap during evaporation.

ing evaporation due to thermal stresses and bi-morph effect. Bending of cantilevers
affects the definition of the nanowires as it increases the width of the nanogap (see
Figure 7.5). This trade-off can be eliminated by considering a thick shadow mask
and using a masking and etching step to thin down the notched constriction area
before the release-etching step.

Another important fabrication consideration is the choice of a wet or dry chem-
ical etching to perform the sacrificial release-etching step. The wet etching has the
advantage of being highly controllable, uniform, and selective. On the other hand,
liquid-gas interfaces form upon drying. These interfaces are known to induce the
collapse of free-standing structures. While collapsing may be tolerable in case of CJs
and CDBJs, cantilevers that are free-standing are absolutely needed to maintain a
physical separation between the shadow mask and the surface of the substrate. To
ensure the shadow mask does not collapse during drying, it is necessary to use a
critical point dryer (CPD). A release-etching that is instead performed dry, such as
done in a plasma, alleviates the need for CPD.

Another important fabrication consideration is the need to remove the shadow
mask after formation of the nanowires. This can be done by accomplishing complete
lift-off of the shadow mask by continuing the release-etching in a wet etchant. It is
also possible to remove the bridges manually with a simple mechanical procedure,
by putting the top surface of the chip in contact with a sticky surface such as that
of a tape or a gel and peeling. After peeling, the free-standing structures that have
bonded to the sticky surface will be cleaved at the anchoring points.

Other fabrication considerations concern the evaporation step. Not only does
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the evaporation grant compatibility with a wide range of materials, but different
materials can be deposited successively, to form nanowires consisting of several
stacked layers. Simultaneously, the deposition angle can be adjusted for different
materials. The deposition angle can for example be adjusted so that the crack-
defined opening is shadowed, and the evaporated material is deposited everywhere
else but on the nanowire itself. Furthermore, since some material accumulates
sideways at the edges of the shadow mask during deposition, the gap can be closed
(sealed) during evaporation. The advantage of the gap closing mechanism is that
nanowires can be self-defined independently on the thickness of the evaporated
material since, after the gap is sealed, the evaporated material does not contribute
to defining the nanowire. Furthermore, the gap closing can be used to obtain self-
aligned metallization or passivation at the nanowire extremities. A drawback of
this closing effect is that it prevents the formation of straight and tall nanowires.
Another aspect that needs consideration is that any heating of the substrate and/or
shadow mask during evaporation will affect the nanogap widths, and thus that of
the nanowires. These considerations are discussed and demonstrated in Paper 4.

Finally, it may be possible to circumvent the 10 nm limit of the nanowire width
by adding a short ion beam milling etching before evaporation to smoothen the
edges of the crack-defined nanogap, as well as carve the surface of the substrate.
The new surface of the substrate could stabilize nanowire growth even for ultra-thin
layers by offering increased surface energy.

7.9 Summary: advantages and drawbacks of the
crack-defined shadow masking methodology

7.9.1 Advantages
• Related to crack-defined shadow mask:

– high XY placement and orientation accuracy on a substrate;
– manufacturing upscalability to wafer-scale;
– dimensional downscalability to sub-10 nm;
– self-aligned pads at the extremities of the nanowires;
– compatible with high-energy deposition techniques, potentially performed

in ultra-high vacuum;
– even though shadow mask is a fourth-order masking layer (requiring one

e-beam resist mask, one metal photomask, and one photoresist mask),
the cracked surfaces of the shadow mask are primary surfaces, since they
do not require prior fabrication of surface (see Chapter 3). Primary
masking layers have greater potential for surface inter-placement accu-
racy, which translate into more predictable and reproducible nanogap
widths;
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– the crack-defined shadow mask can be used as a separate functional
structure, which can be part of the final nanowire device. The shadow
mask is self-aligned, potentially electrically conducting, very close to the
nanowire, and actuatable;

• Related to evaporation:

– compatible with almost any inorganic materials;
– extremely high material purity;
– possibility to evaporate several materials successively;
– possibility to seal the gap to obtain self-aligned contact pads or passiva-

tion layer at the extremities of the nanowire;
– possibility to use angle evaporation to avoid deposition through nanogap.

7.9.2 Drawbacks
• Related to crack-defined shadow mask:

– grain-size edge roughness of the crack-defined nanogaps;
– difficult to get very wide and long crack-defined nanogaps;
– compromise between high thickness to maintain the mechanical stability

under evaporation and low thickness to be less impacted by the require-
ment of line-of-sight evaporation;

• Related to evaporation:

– residual stress of evaporated films induces cantilever bending, which in-
creases nanogap width;

– continuous sub-10 nm features very difficult to obtain due to inhomoge-
neous growth mechanism, and blurring effect induced by deposition at
the edges of shadow mask;

– polycrystalline morphology of evaporated metals.





Chapter 8

Conclusions

8.1 Summary

Obtaining both nanometer precision of patterning and parallel fabrication on wafer-
scale is currently not possible in conventional fabrication schemes. This is because
parallel fabrication is typically achieved by local interactions between a substrate
and a flux of external particles, such as gases or reactive ions, that deposit or remove
matter with limited precision. Unlike growth- and removal-based techniques, crack
formation occurs locally, in a solid matter that is already in place on the substrate,
and thus forms new patterns without external particles. Crack formation further
does not suffer noteworthy limitations in speed or parallelism. This is what moti-
vated this thesis work, whose main result, detailed in Chapter 4, is the use of crack
formation in suspended notched electrode-bridges to produce pairs of electrodes
with nanometer gaps. The key aspect of the so called crack-junction methodology
is that the difficult parts of forming nanoscale electrode surfaces and setting elec-
trode separations of nanogap electrodes are circumvented since they are conducted
automatically, in a purely mechanical fashion. In this way, patterning of sub-10 nm
gaps is possible on wafer-scale and in a highly controlled and reproducible fashion.

A crucial advantage the crack-junction methodology has over alternative nano-
gap manufacturing techniques is that the resulting electrode separations are pre-
dictable and accurately controllable down to sub-10 nm. This stems from two
separate aspects of the crack-junction methodology: the use of crack formation,
and the use of structures that are suspended. Due to crack formation, the relative
positions of the electrode surfaces before they are displaced is known with atomic
accuracy since the two surfaces are initially in perfect mechanical contact with one
another. Also, since the electrodes are suspended, the displacement of the crack-
defined electrode surfaces is also known: it is fully defined by the stored elastic
strain, a known physical quantity, and by the shape and size of the initial bridge
structure, which are defined by the lithography and etching processes. Since the
shape and size of the bridge are defined lithographically, the electrode separation
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is also controllable and virtually any nanogap width can be achieved. Therefore,
different crack-junctions can have different, yet predictable, electrode separations
by simply designing them with different geometries.

Another powerful aspect of the crack-junction methodology is its compatibility
with mass-fabrication on wafer-scale using conventional microfabrication equipment
and processes. This stems from two intertwined aspects of crack formation. Firstly,
because cracks are self-generated, the nanogaps of crack-junctions do not need to be
patterned; only the notched bridge structures need to be patterned. These struc-
tures are much larger than the nanogaps, and have dimensions readily achievable
by wafer-scale lithography. Secondly, a crack forms upon satisfying a stress-based
criterion that is fully-defined locally. Therefore, cracks form independently from
one another in a massively parallel fashion over wafer-scale areas, regardless of how
many notched bridge structures are present initially.

The second main result of this thesis is the development of a novel type of
break junction, the so called crack-defined break junction. The methodology uti-
lizes controlled crack formation in pre-strained bridge structures to induce a con-
trolled pulling action on an ultra-thin layer of ductile metal. The pre-strained bridge
structures are fabricated according to the crack-junction methodology. Because the
pulling action is self-generated, only the metal-coated bridge structures need to be
fabricated, and the break junctions automatically form in a massively parallel fash-
ion, in a similar way as for crack-junctions. By designing bridges with the correct
pulling action, the ductile metal forms nanoscale ligaments that break and produce
pairs of metal tips featuring nanometer gaps. The crack-defined break junction
methodology is demonstrated here using gold and wafer-scale stepper lithography,
which allowed the simultaneous fabrication of hundreds of thousands of gold break
junctions on wafer-scale.

The third main result of this thesis is the development of a manufacturing tech-
nique based on shadow mask lithography for fabricating single nanowire devices.
As a shadow mask, the technique utilizes free-standing nanogap structures formed
with the crack-junction methodology. In this way, sub-20 nm-wide nanowires could
be fabricated using stepper lithography and other wafer-scale-compatible processes.
Furthermore, the formed nanowires are automatically integrated in a self-aligned
contact structure, thereby allowing facile implementation of nanowire devices with-
out adding processing complexity. The extensive SEM, AFM and electrical char-
acterization performed validates the potential for realizing sub-20 nm nanowire de-
vices featuring reproducible and controllable electrical behavior based exclusively
on wafer-scalable processes.

8.2 Outlook

The methodologies developed in this thesis are largely unexplored. The materials,
process flows, and devices have been selected carefully, but only to demonstrate
the feasibility and relevance of the general methodologies, and they therefore by
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no means restrict the technological implementation and range of applicability. For
example, crack-junctions and crack-defined break junctions may be formed in ma-
terials that exhibit magnetic or superconducting properties, which could lead to
exciting new devices when combined with sub-3 nm vacuum gaps, such as used in
tunneling and molecular junctions. Besides the various electronic and plasmonic
properties, the nanostructures developed have additional functions as pure mechan-
ical structures. For example, the high gap-height to gap-width aspect ratio at the
nanoscale, which is easily achievable with cracks, could be attractive for nanopore
applications.

Using single-crystalline materials, the crack-junction methodology could pave
the way towards the fabrication of structurally and electronically-controlled nano-
gap electrodes featuring electronic surfaces with identical geometries, dimensions,
and separations down to the atomic-level. Such precision and reproducibility is
currently beyond reach of masking and plasma techniques. This could bring single-
molecule biosensing and sequencing, molecular and nano electronics, as well as
spintronics, plasmonics and superconductive devices to the next level for both fun-
damental research, thanks to the atomic-level predictability and accuracy, and com-
mercial applications, thanks to the ultimate fabrication yield and compatibility with
VLSI. With the proper choice of materials and processes, we could imagine produc-
ing high-density arrays consisting of billions of identical solid-state nanogap-based
devices on silicon chips. In the end, this could enable the realization of large-
scale systems comprising high-performance nanogap junctions such as molecular
and Josephson junctions, single-electron and vacuum transistors, tunneling diodes,
nanoelectromechanical switches, and tunneling and plasmonic biomolecules sensors,
all of which appear to be promising candidates for the future of nanoelectronics.
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