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1.1 The future of computing 

The advent of computers marked one of the most significant technological 
advancements of the past century. According to the Cambridge Dictionary, a 
computer is defined as "an electronic machine that is used for storing, organizing, 
and finding words, numbers, and pictures, for doing calculations, and for controlling 
other machines”1. In a contemporary computer, all these functions are made possible 
through a sophisticated assembly composed of billions of transistors fabricated on a 
chip. Transistors are tiny solid-state electronic devices capable of performing logic 
operations, serving as fundamental building blocks of a modern computer and 
considered the “nerve cells” that enabled the information age2. The power and 
capabilities of computers increase in direct proportion to the number of transistors 
that can be accommodated within the same physical space. Over the last few decades, 
continuous advancements in semiconductor and nanofabrication technology have 
allowed for the miniaturization of transistors created on a chip, allowing for the 
doubling of transistor density every two years. This trend persisted for nearly half a 
century and is famously known as Moore's Law3,4. Presently, the technology can 
fabricate transistors at the nanometer scale and is approaching the limits of atomic-
scale dimensions, facing physical barriers to further miniaturization, which makes 
the continuation of Moore's Law technically more challenging and economically 
expensive. This also poses challenges to the advancement of computational power, 
necessitating the exploration of innovative solutions and alternative approaches to 
drive progress in computing. One potential computational paradigm still in its 
infancy is quantum computing, promising to solve computational problems that are 
currently insurmountable with the existing "classical" computational paradigm. 

 

1.2 Quantum computing 

Quantum computing is a computation paradigm which empowers the laws 
of quantum mechanics for encoding and processing information. In classical 
computing, the fundamental unit of information is the 'bit,' which can exist in one of 
two states: 0 or 1. These states are represented by the flow or cessation of current in 
a transistor, making the state of a classical bit well-defined and binary. Conversely, 
quantum computing introduces the concept of the ‘qubit', which is the quantum 
analog of the classical bit. The state of a qubit is linked to a physical property of a 
quantum system, such as the spin of an electron, atom energy levels or the 
polarization of a photon, which cannot be described in a deterministic way, but 
requires the use of the probabilistic nature of quantum mechanics. Therefore, a qubit 
can be described as a combination of multiple states simultaneously, not just 0 or 1, 
a quantum mechanical principle called superposition. Furthermore, qubits can 
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become entangled, signifying that the state of one qubit can be correlated with the 
state of another qubit, even when they are physically separated, and their states can 
no longer be independently described. 

Superposition and entanglement are the two quantum principles that can be 
leveraged to achieve exponentially faster information processing than classical 
computing on certain tasks. In simple terms, this means that when confronted with a 
computational problem of input size N, a quantum computer can yield a solution 
within a timescale proportional to a polynomial function of N, while a classical 
computer would require a timescale proportional to 2N for the same task. However, 
it's important to note that quantum computers are not universally faster for all types 
of computations. Instead, they are expected to excel in specific problem domains, 
serving as a complementary technology to classical computing in addressing future 
challenges. Specifically, quantum computers are anticipated to shine in tasks 
requiring the simultaneous exploration and verification of multiple potential 
solutions given vast input size (>>N). This ability, often referred to as quantum 
parallelism5, proves advantageous in problems of fundamental computational 
significance such as numbers factorization6 and large databases search7. 
Additionally, owing to its intrinsic nature, quantum computing is predicted to 
outperform classical computing in simulating quantum systems8,9, offering a 
potential tool to accelerate the development of new functional materials or drugs10,11. 

Despite the promising outlook, quantum computing is still in its nascent 
stage, and the practical realization of quantum computers for solving real-world 
problems remains a distant goal. Experimental implementations of this technology 
necessitate the development of sophisticated quantum hardware, as quantum 
information processing requires the superposition state of a qubit to be initialized, 
manipulated, and measured to derive computational outcomes12. The field is actively 
investigating various quantum systems as platforms for implementing qubits, such 
as superconducting qubits13, trapped ions14, spin qubits15, diamond vacancy16, among 
others. Considerable progress has been made in the last two decades in developing 
materials and technologies for quantum hardware17. Nonetheless, the intrinsic 
fragility of quantum systems poses major challenges in isolating qubits from 
undesired local interactions with the surrounding environment. These inevitable 
interactions lead to the loss of the superposition state of a qubit, a phenomenon 
known as decoherence, resulting in computational errors. To address this issue, one 
strategy involves the implementation of quantum error correction schemes, where 
additional qubits are used to check and correct corrupted qubits18. However, the 
current technology requires a considerable number of qubits to check and verify a 
single qubit logic operation19, making quantum computation inefficient and not 
scalable.  
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Realizing topological quantum computation experimentally necessitates a 
material platform allowing access to the topological phase of matter and non-Abelian 
anyons. Unfortunately, materials that can naturally host a topological phase are 
uncommon in the real-world. Consequently, theoretical efforts have proposed a 
method to access this phase by constructing a precisely engineered solid-state device 
using conventional materials. This device consists of a semiconductor nanowire 
possessing a large Landé g-factor and strong Rashba spin-orbit interaction coupled 
with an s-wave superconductor22–25. The interplay between semiconductor and 
superconductor properties creates a hybrid region within the nanowire where a 
topological phase transition is expected to occur with the application of a suitable 
magnetic field. Under these conditions, a special kind of quasiparticle excitations, 
known as Majorana-zero-modes (MZMs), are anticipated to emerge at the two ends 
of the semiconductor-superconductor hybrid region, as illustrated in figure 1.2a. 
MZMs are the quasiparticle counterparts to Majorana fermions, a unique category of 
non-Abelian anyons characterized by the remarkable trait of being particles that are 
their own antiparticles26. Therefore, they undergo annihilation upon close contact. In 
their quasiparticle counterpart, annihilation occurs when the wavefunctions of two 
MZMs located at the two ends of the hybrid region overlap.  

The theoretical prediction of Majorana fermion particles, as well as of their 
quasiparticle counterparts, has yet to be experimentally demonstrated. In 2012, 
signatures of MZMs in semiconductor-superconductor nanowire hybrid devices 
were reported through tunneling spectroscopy experiments27 (see figure 1.2), and 
similar claims have been made by other experimental groups thereafter28–32. 
However, the prevailing consensus is that these signatures do not stem from MZMs 
emerging in a topological phase; rather, they are likely a consequence of disorder 
within the device33–36. Disorder, in this context, refers to any imperfection in the 
hybrid region that deviates the material system significantly from its ideal 
conditions, such as impurities, crystal defects, or interface roughness. Disorder can 
give rise to tunnelling spectroscopy features that closely resemble those expected 
when MZMs appears in the topological phase33,37–39 (see figure 1.2b), thereby 
impeding their unambiguous detection. Moreover, disorder can compromise the 
stability of topological phase, leading to local interruptions in the topological region 
and the inadvertent creation of unwanted Majorana pairs that may overlap40,41. 
Addressing disorder in the material is considered the primary obstacle to 
experimentally demonstrating the existence of topological MZMs and their potential 
for constructing a topological quantum computer36.  

A conclusive proof of the existence of MZMs requires experiments that go 
beyond their observation through tunnelling spectroscopy in single nanowires. A 
milestone experiment would involve demonstrating that they obey non-Abelian 
anyon exchange statistics through successful braiding42. Braiding experiments 
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has proven essential to prevent the introduction of disorder in the nanowire 
devices55,57,58. Additionally, growth schemes for out-of-plane interconnecting InSb 
nanowires have been devised55,59–61, holding potential for future braiding 
experiments. 

Despite these remarkable advancements, further improvements of the 
material quality of this platform are necessary. Recent theoretical estimations based 
on electron mobility measurements predict that state-of-the-art free-standing InSb 
nanowires have impurity levels in the range 1017–1019 cm-3, which is 2 to 4 orders of 
magnitude higher than the level (<1015 cm-3) that allows unambiguous detection of 
MZMs36. Currently, such low impurity levels have been achieved in bulk GaAs62, 
sparkling hopes that a similar result could be feasible in InSb nanowires as the 
growth process for this platform continues to advance36.  

Improvements are also necessary in terms of scalability and complexity of 
out-of-plane interconnecting InSb nanowire platforms for braiding experiments. The 
current growth strategies are constrained by a maximum InSb nanowire length of 
approximately 3.5 µm53. This limitation arises from the need to grow the InSb 
nanowire on top of another out-of-plane nanowire made of a different material 
('stem') to enable successful nanowire nucleation. The stem gradually evaporates 
during the InSb growth process performed at high temperature51,53. Complete 
evaporation of stems occurs when the InSb nanowires grown on top have reached a 
length of 3.5 µm, causing their collapse on the substrate and inability to interconnect 
with other nanowires. This size restriction poses significant challenges in 
establishing a nanowire network large enough to accommodate gate connections, 
which require a few hundred nanometers in length, and multiple superconducting 
islands, each needing to be at least 1 µm long to prevent overlap of the MZMs63. 
Thus, the development of stemless growth schemes for interconnecting nanowire is 
crucial to overcome these issues. 

The use of free-standing two-dimensional (2D) InSb nanostructures, already 
developed on thick stems64 or stemless65, are a valid alternative platform for creating 
more complex devices thanks to their large surface area where to pattern gates and 
superconducting islands66. However, here the challenge lies in creating intricate 
patterns of selectively deposited superconductor without resorting to common top-
down approaches, e.g. lithography and etching, which can degrade the pristine 
interfaces and induce disorder in these nanostructures. 
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This chapter aims to provide background information necessary for 
comprehending the research problem addressed in this thesis, explain specific 
terminology, and provide context for the subsequent experimental chapters. The 
chapter commences by presenting an overview of the experimental method 
employed in this thesis for the epitaxial growth of nanowires, specifically metal-
organic vapor-phase epitaxy (MOVPE) and molecular beam epitaxy (MBE). The 
nanowire fabrication approach adopted in this thesis, i.e. out-of-plane nanowire 
growth, is further motivated in the context of our research goals, providing additional 
technical background information. Furthermore, the fundamental growth mode 
utilized in the fabrication of InSb nanowires in this thesis, namely the Vapor-Liquid-
Solid (VLS) mechanism, is elucidated. The chapter then proceeds to discuss the 
current state-of-the-art and challenges in VLS InSb nanowire growth, along with the 
techniques involving superconductor shadow epitaxy used for the fabrication of 
semiconductor-superconductor device hybrids. 

 

2.1 Epitaxial growth techniques 

The epitaxial growth of a material refers to the process in which a crystalline 
layer is deposited onto the surface of another crystalline material, known as the 
substrate, serving as a seed crystal. The layers are deposited atom by atom in an 
additive manner, leveraging the inherent properties and interactions of these 
minuscule building blocks. As these constituent particles accumulate and bond with 
one another, a crystalline layer gradually forms, leading to a “bottom-up” fabrication 
process often referred to as “growth”.  

In epitaxial growth, the atomic arrangement of the substrate's atoms drives 
the nucleation and growth of the deposited layer with a specific crystal orientation. 
When the epitaxial layer consists of the same material as the substrate, this 
deposition is termed homoepitaxy. Conversely, if the materials in the epitaxial layer 
and substrate differ, it is referred to as heteroepitaxy. Epitaxy enables the growth of 
high-quality materials with single-crystalline structures. Among the experimental 
techniques to perform epitaxial growth, the two most used ones are MOVPE and 
MBE, which are also those used for the scope of this thesis. 

 

2.1.1 MOVPE 

The development of MOVPE began in the 1960’s and it subsequently rapidly 
became the predominant production method for epitaxial materials1. As its name 
indicates, the precursors of the epitaxial growth are in the form of metal-organic 
(MO) compounds, e.g. trimethyl-indium (In(CH3)3 or TMIn), trimethyl-antimony 
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subsequent deposition of material on the entire reactor sidewalls2. Epitaxial layers 
can be formed in the heated region on the substrate through both gas-phase and gas-
solid interface reactions. The substrate is kept under constant rotation to improve 
uniformity of material supply and temperature distribution. A thermocouple placed 
underneath the substrate is used to control its temperature during the growth process. 
The substrate temperature during MOVPE growth is typically in the 300-1000°C 
range and depends on the pyrolysis temperature of the precursors as well as the 
materials employed in the growth process. For InSb nanowire growth, the growth 
temperature window is limited by the pyrolysis temperature of TMSb, occurring 
above 400°C, and the InSb melting point at 525°C. The hydride form of the antimony 
(Sb) precursor cannot be employed due to its instability3. Reaction products or 
unreacted substances are transported by the carrier gas to the outlet of the growth 
chamber, where they are flushed away through an exhaust. 

Additionally, this reactor is also employed for etching slanted {111}B facets 
on InP(100) substrates for the growth of out-of-plane InSb nanowire networks and 
nanoflakes. This etching process utilizes hydrochloric acid (HCl), which is 
introduced into the growth chamber through a separate gas line. The entire reactor 
chamber and the susceptor can be replaced between growth runs involving different 
precursors, reducing the risk of cross-contamination. 

 
2.1.2 MBE 

 Epitaxial growth of crystalline materials with MBE occurs through the 
interaction of the substrate with adsorbed species supplied by atomic or molecular 
beams in ultra-high vacuum (UHV)4. This epitaxial growth technique necessitates a 
growth chamber maintained at a pressure below 10-10 mbar and equipped with 
elemental sources of various materials capable of producing molecular beams of 
particles. The UHV conditions guarantee that the mean free path of atoms and 
molecules is much longer than the dimensions of the growth chamber, allowing 
materials to be delivered from the sources to the substrate without scattering events. 

The schematic illustration of the MBE chamber used for growing InSb 
nanowires in this thesis is depicted in Figure 2.2a. A stainless-steel growth chamber 
is continuously maintained under UHV conditions through a system of pumps, and 
an ionization gauge is employed to monitor the chamber pressure. The substrate 
holder can be loaded into the chamber and affixed to a manipulator situated at the 
upper section of the chamber. The manipulator allows for precise rotation of the 
substrate so that it faces the material sources located in the lower part of the chamber. 
The manipulator is equipped with a heating element along with a thermocouple to 
enable control of the substrate temperature. Moreover, the manipulator allows for 
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compared to MBE. In MOVPE, chemical bonds in the precursors must be broken to 
release reactive elements for epitaxial growth. Consequently, MOVPE generally 
requires higher growth temperatures than MBE and cannot be performed at low 
temperatures. MBE, on the other hand, can be carried out at low substrate 
temperatures, which is advantageous for specific applications. Examples include 
shadow epitaxy using a directional superconductor deposition, which we will discuss 
in more detail in section 2.5. Generally, MOVPE provides higher growth rates than 
MBE. 

The availability of source materials for MBE is primarily constrained by the 
instability of certain elemental forms, such as highly pyrophoric P. On the other 
hand, MOVPE precursors can also pose limitations in specific applications as they 
might have a decomposition temperature above for the desired growth window. 

MBE is not commonly used for industrial applications due to its low throughput 
and limited scalability due to the need to operate in UHV. Long downtimes are 
required when maintaining the machine, as this typically involves breaking the UHV, 
necessitating subsequent extended baking of the chamber to restore UHV. It is a slow 
and precise deposition technique primarily employed in research, capable of fast 
source switching through the mechanical shutters, enabling precise control over 
atomic composition of epitaxial interfaces and doping levels. In contrast, industrial 
processes often involve MOVPE because it can process multiple wafers in a single 
run at high growth rates, making it more cost-effective and capable of high-
throughput operations. Additionally, MOVPE does not require UHV, making it 
easier to maintain with shorter system downtime. Consequently, the choice between 
MBE and MOVPE is context-specific and hinges on the particular application 
requirements. Neither method inherently outperforms the other; instead, having 
access to both methods allows to leverage their respective strengths as needed. 

 

2.2 Nanowire fabrication approach 

This thesis focuses on the development of InSb nanowires and 
nanostructures. Due to their exceptional physical properties, they are considered a 
promising candidate for investigating Majorana zero modes (MZMs). Theoretical 
proposals predict that these exotic quasiparticles can emerge in hybrid networks of 
superconducting and one-dimensional (1D) InSb channels with minimal disorder 
(e.g. crystal imperfections, impurities, surface roughness). One-dimensional InSb 
channels can be created in a two-dimensional electron gas (2DEG), engineered in a 
stack of heteroepitaxial thin films. To confine the electrons of the 2DEG into 1D 
channels, top-down fabrication methods are required, e.g. etching processes and 
depositing gate electrodes. While 2DEGs offer a great test bed for studying electron 
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confinement as well as 2D and 1D devices, they suffer from a few shortcomings 
including: the restrictions imposed by the lattice constant of the epitaxial layers on 
the host substrate; and the challenge of creating hybrid devices, which rely on 
inducing superconductivity by proximity, since the 2DEG is often buried under a 
stack of epitaxial layers. Single crystalline InSb thin films are especially challenging 
to grow using heteroepitaxy due to their large lattice constant, compared to III-Vs 
and commercially available insulating substrates.  

Figure 2.3 illustrates the relationship between the band gap and the lattice 
constant of various group III-V, II-VI, and IV crystalline materials, highlighting that 
InSb possesses one of the largest lattice constants among these materials. 
Consequently, the growth of InSb 2DEGs is performed on highly lattice mismatched 
substrates by growing a complicated stack of buffer epitaxial layers with 
intermediate lattice constant8–11. The buffer layers accommodate the interfacial strain 
over a large thickness, preventing the formation of interfacial defects. Nevertheless, 
the top-down fabrication steps required to create the 1D channels in these layer 
stacks could potentially induce etching damage on the interfaces and on the sidewalls 
of the 1D structures, leading to disorder in the system. Alternative routes toward the 
realization of such a 1D platform aim at facilitating the fabrication of devices by 
bottom-up fabrication steps.  

Figure 2.3 – Band gap vs lattice constant. 
Plot displaying the band gap energy as a function of the lattice constant for several bulk 
semiconductors (points) and their alloys (lines). Retrieved from ref 52. 
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