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Human history has seen many big leaps forward in the evolution 
of technology, from the first use of agriculture about 11,000 years ago up 
to the latest evolution: computer technology.1,2 There are many 
important discoveries that helped change the pace of technological 
advances, that can be categorized in two parts. First, the ability to 
communicate/ transmit information beyond simple face-to-face 
communication. This includes the invention of writing, printing, radio, 
television, and the internet, all accelerating and scaling up the 
distribution of knowledge around the world. Second, the invention of 
calculators, and later computers, gave us access to computational power 
specifically suitable for tasks that are more difficult for the human 
brain, allowing us to solve problems we could not easily solve before.  

1.1.  Computer versus human brain 

A “normal” computer, or just a computer as we know it right now, 
is defined as follows: 

“an electronic device for storing and processing data, typically in 
binary form, according to instructions given to it in a variable 
program.”      Oxford dictionary 

This includes PCs, laptops, tablets, phones, smartwatches, cell 
towers, satellites, etc. and is incorporated nowadays in almost 
everything around us, even a fridge has some computational power, 
though very minor, to regulate the temperature for example. The 
computer chips in these objects are all based on the very same material 
and principle: a silicon-based transistor in an electronic circuit (see 
Figure 1.1). 

The transistor can in this case be used as an electronic switch, 
like how a light switch would work. If the gate is off (binary “zero”), no 
current is flowing (light switch is off). When the gate is charged, a 
current will start flowing between source and drain (binary “one”) (flip 
the switch and the light turns on). This forms the physical basis for the 
“bit”. By combining the computational power of many transistors in an 
array, a computer chip can be made, allowing for more complicated 
tasks. This scales in a linear fashion, meaning that doubling the number 
of transistors will lead to a doubling in computational power. 
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Figure 1.1 | Schematic overview of a single transistor. 
A transistor with the Source (S) and Drain (D) in grey, the Body (B) in brown and 
the Gate (G) in black, separated from the source and drain by an insulating layer 
(pink). Image from Wikipedia.org. 

In 1975, Gordon Moore predicted such doubling of the number of 
transistors in a chip every two years, known as Moore’s law.3 This has 
been the main target for the semiconductor industry since then. By 
making the single transistor smaller and smaller, less material and less 
power is consumed, allowing for an increased number of transistors for 
the same area. In recent years, however, this has become increasingly 
difficult as the physical limitations of going smaller are being reached. 
The vertical dimension in state-of-the-art transistors are nowadays as 
small as 5 nm,4 which roughly equates to a chain of only 10 silicon 
atoms, leading to multiple problems. 

Although the computational power of computers nowadays was 
unimaginable 100 years ago, there are some limitations to its abilities. 
When compared to a human brain, a computer is very good at 
performing numerical calculations and linear operations (summation, 
multiplication, array operations, etc.). Its limitations compared to for 
example the capabilities of the human brain (for example in recognizing 
complicated images) lie in the intrinsic nature of its core components. 
A computer chip is specifically designed to perform a certain type of 
calculation as efficient and as fast as possible, like creating images 
(graphical processing unit). Therefore, the design of every transistor, a 
chip’s base component, is extremely rigid, allowing it to be extremely 
small and energy efficient, while at the same time be produced in large 
volumes. On the other hand, major advances have been made on the 
software side by developing for example new machine learning 
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algorithms. The latest supercomputers seem to be able to perform tasks 
that before seemed too difficult for computers. An interesting example 
here is facial recognition, a technique used by big companies like 
Facebook and Google,5,6 but also by law enforcement and national 
intelligence agencies.7 There is however significant evidence that this 
technology is severely flawed.8 The important thing to note here, is that 
this kind of technology was mainly enabled because of their increase in 
computational power, brute forcing a silicon-based machine to do 
something a carbon-based brain is far better at, with significantly less 
energy requirements. Complex challenges, for example climate or 
weather models, or calculating the molecular structure of large 
molecules, would require parallel computing, since in these examples 
many different parameters are dependent on each other. This is 
impossible to do in an efficient way with classical computer 
architecture.  

The human brain, however, works on a very different principle. 
It is optimized to grow and change over time, learn, forget, and adapt; 
strong requirements to ensure a person’s survival in an ever-changing 
environment. This is achieved by making the core components, 
neurons, axons, and dendrites, very adaptive. The neuron (or transistor 
of the brain) connects to other neurons by dendrites, or interconnects.9 
By strengthening the dendrites that are used often and allowing unused 
dendrites to decay, the brain learns new things and improves its 
efficiency in performing certain tasks. This method of optimization in 
combination with the ability to create new interconnects enables the 
human brain to perform incredibly complex tasks that are otherwise 
difficult or nearly impossible to perform with a computer, with an 
energy consumption of around 20 W for a single human brain, versus 
around 30 MW for the largest supercomputer “Fugaku”.10-12 By 
comparing the average computational power of the human brain, 1 
exaFLOPS (or 1x1018 FLOPS) to that of the Fugaku supercomputer, around 
442 petaFLOPS (4.42x1017 FLOPS), we can estimate that the human brain 
still has roughly 2.3 times more computational power than Fugaku and 
is roughly 3.4 million times more energy efficient (today, 2021).13 It is 
therefore worth to investigate if there is another path that leads to better 
computers, or to computers that give us the ability to calculate or 
investigate things that are not (and might never be) possible with 
current computer technology.  
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One technology that tries to overcome these limitations is 
neuromorphic computing, in which the design of hardware 
components is inspired on the neural network of the human brain.14 
Each “neuron” can act independently sending signals to different other 
neurons, creating a more flexible way of communicating compared to 
classical transistors-in-a-chip approach. The basic chip either uses pure 
digital CMOS technology (as do classical chips), or a hybrid between 
analogue and digital components, allowing for a significant increase in 
energy efficiency. The current state-of-the-art neuromorphic chips 
consume about 2.3 µW/neuron.15 The computational performance not 
only depends on the number of neurons, but also on the number of 
synapses per neuron and the underlying circuit design. 

 An alternative concept would be a quantum computer, which is 
predicted to enable incredible things with promises ranging from 
solving all traffic issues to simply calculating a cure for a specific 
disease.16 But as with every new technology, going from initial theories 
to actual real-life applications requires a lot of time and effort; Just like 
understanding the physics of nuclear fusion, does not give you a nuclear 
fusion reactor large enough to provide for the entire human energy 
demand. So, what makes quantum computers so promising (and 
challenging)? 

1.2. Quantum computer 

What makes quantum computer different? The idea behind a 
quantum computer is that instead of having a simple on/off switch 
which can produce either a “zero” or a “one”, the intrinsic component is 
a superposition of a quantum state, which can be “zero” and “one” at the 
same time, but can also take any value in between, a bit comparable to 
an analogue computer. This is called a quantum bit or qubit. The other 
important quantum mechanical ingredient is entanglement; two 
particles can be generated in such a way that their quantum states 
depend on each other and they can no longer be described 
independently.17 These two quantum mechanical principles, 
superposition and entanglement, lead to an exponential increase in 
computational power; every qubit added to the entangled system 
doubles the computational power. This is the promise of a quantum 
computer. 
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The idea of a quantum computer is often posed as a solution to 
classical computers, in which performance gain would be reached by 
switching to a new technology rather than going smaller in transistor 
size. However, simply put, classical computers are good at performing 
linear calculations, i.e., one after the other, while quantum computers 
are more suitable for parallel calculations. A quantum computer would 
never be faster at performing linear operations. They are so 
fundamentally different that they should be viewed as separate 
technologies with each their own goal and purpose, leading to a 
completely different class of problems that can be addressed, making 
them very suitable as complementary technologies. 

1.3.  Approaches to quantum computing 

There are different ideas and approaches, which are currently 
being investigated for quantum computation, with varying levels of 
success, and although some claim to have achieved multi-qubit 
computations already, none of these techniques have been able to 
demonstrate a commercially viable machine. An overview is shown in 
Figure 1.2. 

 

Figure 1.2 | Overview of different approaches to quantum computing.  
Overview of the different approaches to quantum computation currently being 
investigated by the companies noted below each technique. Edited from 
sciencemag.org 

Every one of these techniques has its own advantages and 
disadvantages with regards to the most important aspects: the lifetime 
of the quantum state, the accuracy of the measurement (success rate) 
and the scalability (the number qubits that can be entangled).18-24 Where 
the superconducting qubit is very fast, but unstable (short lifetime), the 
trapped ions are the opposite: slow, but very stable. Silicon quantum 



 

7 
 

1 

dots are stable, but hard to entangle and must be kept cold. Diamond 
vacancies, on the other hand can operate at room temperature but are 
very difficult to entangle (so poor scaling of the total qubit system). 
Finally, topological qubits are predicted to have the highest success rate 
but are not yet demonstrated experimentally. So, in summary, the main 
issue with almost all these techniques is the fundamental fragility of a 
quantum state leading to decoherence, or loss of the quantum 
information. The coherence time, a measure for how long the quantum 
state is stable, is very short, and limits the number of quantum 
operations that can be done before the information is lost. Therefore, it 
is also difficult/impossible to scale to larger circuits. A huge number 
(106) of overhead quantum bits per quantum bit is needed to maintain 
the quantum information. This is the main challenge for developing a 
quantum computer. 

One solution could be to use topology. Topology describes a 
geometric object when it is being deformed. Simply put, objects with the 
same number of holes (a table and a pencil (0 holes), a coffee cup and a 
donut (1 hole), or a pair of scissors and spectacles (2 holes)) are 
mathematically identical. It costs a lot of energy to change the topology 
of a system (i.e., to add or remove a hole). Therefore, topology is 
predicted to be useful to stabilize or ‘preserve’ a quantum state, making 
it possible to scale to larger quantum systems. A topological quantum 
bit can be realized in a superconductor-semiconductor hybrid device.25 
A Majorana state in this system carries the quantum information. This 
technique, however, is still in early fundamental stages and has to date 
not produced a qubit. The experiments and results described in this 
thesis show a physical approach, superconductor-semiconductor 
nanowire hybrids, to make a platform that could host these Majorana 
fermions and potentially make the first topological quantum computer 
a reality. 

The motivation for this thesis and the lay-out of the platform 
applicable to this topic are described in Chapter 2. The setups and 
machines most important to the work described in this thesis are briefly 
discussed in Chapter 3. The results are split over three chapters: out-of-
plane InSb nanowire growth in Chapter 4, in-plane nanowire growth in 
Chapter 5 and the realization of selective superconductor-
semiconductor nanowire hybrids is discussed in Chapter 6. Finally, a 
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conclusion and an outlook on the future expansion of the field are 
discussed. 
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2.1. Introduction 

One of the most peculiar claims in the theory of quantum 
mechanics is a discovery by Ettore Majorana in 1937, in which he found 
a real solution to the Dirac equation, which describes that all half integer 
fermions have an anti-particle that is different from themselves.1,2 The 
solution of Majorana suggests that there exists a particle that is also its 
own anti-particle, meaning it cannot have electric charge, making it 
very difficult to detect. These Majorana fermions were originally 
thought to give an explanation for the neutrino, and although neutrino’s 
have been demonstrated to exist experimentally, Majorana fermions 
still have not been successfully detected.3 In 2001, a new approach was 
proposed by Kitaev, in which a combination of a semiconducting 
quantum wire with a superconductor could potentially host Majorana 
fermions.4 In 2010, a clear path was proposed for realizing such 
quantum structures: a semiconducting nanowire, partially covered with 
a superconducting thin film with a magnetic field applied in-plane 
along the nanowire (see Figure 2.1).5,6  

 

Figure 2.1 | Schematic of semiconductor-superconductor hybrid for detecting 
Majorana fermions 
A semiconductor nanowire (red) partially covered with superconducting 
material (green) and a normal metal (yellow). A tunnel gate is located 
underneath the metal-free region of the nanowire. A magnetic field needs to be 
applied along the nanowire in order to be able to detect a signature of a 
Majorana fermion. Source:7,8 

Looking at the electronic dispersion of the quantum wire, it 
needs to have discrete energy levels (Figure 2.2a).1,7,9 A strong Rashba 
spin-orbit interaction will cause the energy band to split in two 
separated spin (“up” and “down”) directions and shift ±kSO along kx 
direction and an energy ESO down (Figure 2.2b). Ideal candidates for this 
type of experiment are therefore heavy element materials due to their 
strong spin-orbit interaction. Examples are InSb, InAs (group III-V 
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materials), but potentially also PbTe or SnTe (group IV-VI materials). By 
applying an external magnetic field along the nanowire, an energy gap 
opens up at the crossing of the two energy bands (Figure 2.2c) with an 
energy two times the Zeeman energy 2Ez. By adding an s-wave 
superconductor to the system and fixing the chemical potential µ to the 
middle of the Zeeman gap, the energy spectrum is mirrored around the 
Fermi level, with a superconducting gap opening up at finite k (Figure 
2.2d). Looking at the nanowire device layout (Figure 2.1), the Majorana 
pair is localized at the ends of the induced superconducting region in 
the nanowire (where the superconducting segment ends). 

 

Figure 2.2 | Electronic dispersion of a quantum wire 
Energy dispersion without (a) and with the effect of Rashba spin-orbit 
interaction (SOI) (b), an applied external magnetic field (c) and an added 
superconductor to the quantum wire (d). Adapted from:1,9    

Upon applying an in-plane magnetic field to an InSb nanowire, 
which was partially covered by a NbTiN superconducting segment, the 
first signatures of Majoranas (or Majorana zero modes) have been 
demonstrated in 2012.10 However, no definitive proof for the existence of 
Majorana fermions has been shown to date. 

One possible method for demonstrating the existence of 
Majorana fermions is by performing a so-called “braiding” experiment 
(Figure 2.3), in which two Majorana fermions are exchanged by moving 
them around while keeping them far enough apart such that they do not 
interact (γ2 moves down, then γ3 moves from right to left, then γ2 moves 
up-right in the example). This requires a three-terminal or T-shaped 
nanowire network with three superconducting islands, each hosting a 
Majorana pair located at the outer ends of the island.  
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Figure 2.3 | T-shaped nanowire network for Majorana braiding 
Basic T-shaped semiconductor (grey) network design with superconducting 
islands (orange) to perform a Majorana braiding experiment. Adapted from:11. 

Another option is using a nanowire network to create a readout 
or manipulation circuit for a single topological qubit.12,13 As shown in 
Figure 2.4, this requires three pairs of Majoranas (crosses), located at the 
ends of a topological superconductor segment (superconductor on 
semiconductor, blue). Furthermore, this three-by-two nanowire 
network (three horizontal and two vertical at the ends) consists of 
normal contacts at the ends (R, yellow), three gate defined quantum dots 
(red) and a superconducting bridge between two of the topological 
segments. By changing the parity of one of the quantum dots (odd or 
even number of electrons on it by using the Coulomb blockade), the 
phase in the corresponding loop is shifted by π, swapping coupled 
Majorana states. This is considered a more convenient way of braiding.  

 

Figure 2.4 | Schematic for a semiconductor-superconductor single qubit design 
Design proposal for a single topological qubit, with a semiconductor nanowire 
network (green), superconductor on semiconductor (i.e., TS, topological 
superconductor blue), normal metal readout contacts (R, yellow), 
superconductor only (S, orange) and gate defined quantum dots (1, 2, 3, red). 
Three pairs of Majoranas form at the end of the topological superconductor 
segment (crosses). Image source:13 
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Considering that this three-by-two design would accommodate 
a single topological qubit, scalability is an important aspect of the 
physical realization of semiconductor-superconductor hybrid devices.  
In this thesis, the focus will be on III-V materials, with InSb in particular. 
The different growth techniques (out-of-plane nanowire growth and in-
plane growth) for achieving high-quality nanowires as well as 
nanowire networks are discussed as well as the advantages and 
limitations of each method. Finally, a brief overview of interesting 
superconducting materials is described. 
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2.2. III-V semiconductors 

III-V semiconductors are very promising materials for a wide 
range of applications, from opto-electronics to quantum computing 
applications.4,6,14-17 These materials can be grown as thin layers, to create 
a 2-dimensional electron gas (2DEG) for example.18,19 These can be used 
to define 1-dimensional electron channels by chemical etching or by 
utilizing gate electrodes; this is known as the top-down approach.20 
Alternatively nanowires can be assembled starting from molecular or 
atomic precursors; this is known as the bottom-up approach.21 We have 
chosen to work with the bottom-up approach, since it offers the 
possibilities of 1) forming well-defined surface termination by low-
energy flat facets, 2) creating heterostructures. This chapter represents 
a summary of InSb nanowire growth over the years, with a specific 
focus on research towards quantum computing applications.  

2.2.1. Epitaxial growth 

For high-quality in-plane growth of one semiconductor on top of 
another, several aspects are of key importance: i) realizing epitaxial 
growth, ii) accommodating differences in unit cell dimensions, and iii) 
realizing layer-by-layer growth rather than island formation. 

 Epitaxial growth implies the continuation of the crystal lattice 
from substrate to overlayer. Apart from a clean substrate surface, 
important for high quality epitaxy is matching of the lattice constants 
of the different materials, where a lattice mismatch can cause defects 
at the interface between the layers or even cause defects that propagate 
through the grown semiconductor material. Figure 2.5 shows the 
energy band alignment of the different III-V and group IV 
semiconductors versus the lattice constant of the material. The main 
interest in the field of topological quantum computing based on 
Majorana quasiparticles is focused on InAs and InSb. Both materials 
have a relatively small band gap, and especially InSb has a relatively 
large lattice constant compared to any other III-V semiconductor.  
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Figure 2.5 | Bandgap versus lattice constant for III-V semiconductors 
Bandgap energy alignment of different III-V semiconductor materials (and 
silicon and germanium) versus the lattice constant of each material. InAs 
(middle) and InSb (far right) both have relatively small bandgaps, but very 
different lattice constants. Image source:22 

For the epitaxial growth of thin layers three growth modes have 
been identified, their occurrence depending on the lattice mismatch to 
and surface energy of the underlying layer (see Figure 2.6): Volmer-
Weber (VW), Stranski-Krastanov (SK) or Frank-Van der Merwe (FM).23,24 
When the adlayer of atoms has a higher surface energy than the 
substrate and there is a large lattice mismatch between the substrate 
and film material, the film will grow in separated islands (VW), which 
will expand and eventually merge to form a film. Due to the large lattice 
mismatch and the different islands merging, many crystal defects can 
be present in the final film. If the surface energy of the adlayer is lower 
than the substrate, layer-by-layer growth initiates. If, however, there is 
a lattice mismatch between the substrate and film, the strain induced 
in the few monolayers of film results in island growth on top (SK). The 
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last growth mode (FM) occurs when the lattice mismatch between the 
substrate and the film material is very small and the surface energy of 
the film material is smaller or equal to the substrate surface energy. In 
this case, the film grows in a layer-by-layer fashion and is therefore 
particularly suitable to grow high-quality 2DEG materials with very low 
defect densities.  

An example where many requirements for high-quality epitaxial 
growth are successfully addressed is that of a stack for a 2-dimensional 
electron gas (2DEG).25  In this case, a III-V semiconductor substrate is 
used and a stack of buffer layers, the material of interest (InSb, InAs, 
etc.)18,19,26-28 and capping layers are grown on top. The buffer layers 
accommodate for (part of) the lattice mismatch, thereby minimizing the 
defect density. In addition, it is crucial that the bandgap of the material 
of interest is smaller than those of the buffer and capping layers, in order 
to confine the electronic transport to the active layer.  

 

Figure 2.6 | Thin film growth modes 
Different growth modes for thin film deposition. a: Island growth or Volmer-
Weber growth. b: strained layer and then island growth or Stranski-Krastanov 
growth. c: layer by layer growth or Frank-Van der Merwe growth. Image 
source:23 

2.2.2. Out-of-plane nanowire growth 

As represented in Figure 2.5, the lattice constant between InSb 
and any other III-V semiconductor is rather significant, making it 
difficult to grow high-quality films on insulating substrates. First 
attempts to create Majorana devices were therefore done using 
nanowires. Nanowires only have a minimum amount of surface contact 
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with the substrate, thereby allowing for defect-free strain relaxation in 
the close vicinity of the substrate-nanowire interface. This allows for 
the growth of e.g., high-quality InSb nanowires on InP substrates. 
Nanowires grown based on the vapor-liquid-solid mechanism were 
first demonstrated in 1964 by researchers from Bell Labs.29 The principle 
uses a semiconductor substrate covered with metal nanoparticles, for 
InSb this is generally gold, but also silver has been demonstrated to 
work30-32 (catalyst-free InSb nanowire growth has been shown as well, 
but with significant poorer crystal quality).33-35  By heating up the 
substrate above the eutectic temperature, the metal and the 
semiconductor can form an alloy. Exposing it to precursor materials 
(vapor), the gold particles can absorb the precursors from the gas phase 
and become liquid. Upon supersaturation of the nanoparticle, a layer of 
semiconductor material (solid) crystallizes between the substrate and 
the particle. This way, the nanowire “grows” underneath the gold 
droplet. A complication for growing InSb nanowires is the low surface 
energy of Sb, leading to a change in contact angle between the gold 
particle and the substrate surface, which in turn causes the gold 
nanoparticles to crawl over the substrate surface rather than grow a 
nanowire upwards, as sketched in Figure 2.7a.36 The first papers 
showing successful growth of InSb nanowires solved this issue by 
growing InAs or InP stems first, using Trimethylindium (TMIn) and 
arsine (AsH3) or TMIn and phosphine (PH3), respectively, as precursor 
materials in a metal-organic vapor phase epitaxy machine (MOVPE)37-39 
or chemical beam epitaxy (CBE).40,41 The InSb nanowires are 
consecutively grown on top the stems (as in Figure 2.7b). The advantage 
of this approach is that the gold droplet is “locked” to the top surface of 
the stem, blocking it from crawling. As Figure 2.7c and Figure 2.7d 
show, there is significant layer growth on the substrate surface, which 
directly competes with the nanowires for supply material. This can be 
solved by using an amorphous mask (e.g., SixNy, SiOx, AlOx) in which 
small openings are etched and filled with a thin layer of gold. This 
allows for faster growth of the InSb nanowires as well as the ability to 
grow large-scale ordered arrays (Figure 2.7e and Figure 2.7f). For the 
purpose of this thesis, the VLS method has two main challenges: 1) For 
the procedure with an InP stem described above, the InSb wire length is 
limited. 2) Out-of-plane nanowire growth yields limited scalability. 
Here, the challenges as well as the routes to overcome them are 
discussed. 
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Figure 2.7 | Overview of nucleation and growth limitations and solutions of 
InSb nanowires 
a: During the nucleation step of InSb nanowire growth the gold droplet is filled 
with Sb, changing the contact angle of the gold catalyst and the substrate, 
causing the droplet to crawl during subsequent growth. b: First, an InP stem is 
grown using the gold catalyst. Next, the InSb nanowire is grown on top of the 
stem to avoid the crawling depicted in (a). (c) and (d) show a typical scanning 
electron microscope (SEM) image of InSb nanowires grown on stems. Note that 
there is significant parasitic layer growth on the substrate. A SixNy mask can 
prevent this parasitic growth (e) and allow for longer growth times. During 
growth of the InSb nanowire, the InP stems slowly evaporate (f) and eventually 
break (g), limiting the maximum length of the InSb nanowires. A solution for 
this is to grow stemless InSb nanowires on an InSb substrate (h-j) allowing for 
very long (>10 µm) InSb nanowires. Image source:36. 
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1) The limitations in the length of the InSb nanowires are set by 
the evaporation of the InP stem during growth of the InSb top part. 
Under the growth conditions in Figure 2.7e, the amorphous mask 
suppresses the evaporation of phosphorus from the substrate during 
InSb growth (grown at temperatures above evaporation temperature of 
phosphorus), which reduces the background pressure of phosphorus in 
the chamber. Although this can be beneficial for the doping levels in the 
InSb nanowire, it does cause the InP stems to evaporate faster during 
the growth of the InSb nanowire. Over time, the InP stems will not be 
able to support the weight of the InSb nanowires and start collapsing 
(Figure 2.7g), intrinsically limiting the maximum length of the InSb 
nanowires to only several micrometres. Another consequence of using 
stems as a basis, is the incorporation of phosphorus (0.11 +- 0.02 %) and 
arsenic (5.5 +_ 0.5 %) in the InSb nanowire, which can be detrimental for 
quantum transport experiments. A solution for this is growing 
homoepitaxially on InSb 111 substrates42,43 with an amorphous mask 
(Figure 2.7h),36 leading to well controlled long nanowires, reproducible 
on a large scale (Figure 2.7i and Figure 2.7j), with mobilities averaging 
μ = 4.4 × 104 cm2/(V∙s). 

2) The development of growing stemless InSb nanowires is an 
important achievement to create high quality and high purity material 
for Majorana-related quantum experiments. However, as can be seen in 
Figure 2.4 at the beginning of this chapter, in order to perform an actual 
quantum bit operation with Majorana quasi-particles (i.e., Majorana 
braiding experiment) a network of several nanowires is required. 
Nanowire networks can be achieved by the VLS mechanism by growing 
the nanowires inclined to the substrate surface. This can be done by 
manipulating the droplet position on top of the stem before starting the 
InSb nanowire growth44 or halfway the stem and growing kinked 
stems.45 The main limitation of this technique is control over the actual 
droplet position and therefore the chance of successfully forming InSb 
networks. This is solved by using substrates with V-grooves which are 
fabricated with well-defined nanowire positions and growth directions, 
allowing the realization of both InAs and InSb nanowire networks 
(Figure 2.8a).46,47  
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Figure 2.8 | Trenched substrates yielding nanowire networks and 
semiconductor-superconductor hybrids. 
a: InP (100) substrate with etched trenches. An amorphous mask and patterned 
gold dots on the trench sides enabled the growth of InSb nanowire networks 
(red) on InP stems. b: InSb nanowire with multiple well-defined 
superconductor islands (aluminium, green) by using other nanowires as 
shadowing objects. c, d: Trenched InSb wires with shadowed aluminium and 
tin. The shadows are indicated by the orange arrows (inset in c is a zoom I on 
the shadow region). Scale bars are 1 µm. a, b edited from46 and c, d edited from47. 

This technique also enables the shadowed deposition of 
superconductors on the nanowires (Figure 2.8b-d). As shown in Figure 
2.1, a basic device consists of a semiconducting nanowire with a 
superconducting island. In order to create a well-defined island, the 
nanowire could be fully covered with a superconductor from one side 
and subsequently etched selectively. However, this causes damage to 
the nanowire surface exactly at the region where the Majorana 
quasiparticle is predicted to appear. Alternatively, one nanowire in the 
trench can be used as a shadowing object in front of a second wire. This 
way, a well-defined shadow region occurs while leaving the nanowire 
surface fully intact. This technique thus allows for in-situ 
superconductor island deposition, leading to a high-quality interface 
between wire and superconductor.  
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The major limitation for the VLS method is scalability. By 
growing a nanowire network using the VLS method as shown in Figure 
2.8a, the complexity increases with every nanowire added to the 
network. Additionally, the junctions are at least two times the wire 
diameter, locally affecting the one-dimensionality of the system. As will 
be shown later in this thesis (Chapter 4), a single qubit design as shown 
in Figure 2.4 is technically possible, although it is already very 
challenging to achieve. Larger networks have been impossible to 
generate with VLS nanowires to date. Therefore, a different approach is 
required to move to larger scale one-dimensional networks.  

2.2.3. In-plane nanowire networks 

Scalable nanowire networks can be realized in-plane, using 
selective area growth or epitaxial lateral overgrowth.48 The technique 
uses a crystalline substrate (silicon or a III-V compound) with an 
amorphous mask on top. Certain areas of the mask are etched through 
to the substrate in a predefined pattern (lines, networks etc.).49-54 An 
example is shown in Figure 2.9a, where InAs nanowire networks are 
successfully grown on InP and GaAs (100) substrates with and without 
buffer layers.50 The in-plane crystal directions need to be considered as 
it influences the preferred terminating side facets of the nanowire (see 
insets), and defines the directions along which nanowires can grow. 
The final stable terminating facets are defined by the crystal directions 
with the lowest surface energies. These surface energies are dependent 
on the growth material, the growth temperature and the V/III ratio 
during the growth.55 In most III-V semiconductors (110) facets dominate 
the growth form. However, for InAs as well as InSb, the surface energy 
of (110) and (111) facets are similar, the family of terminating facets 
depending on the in-plane crystal direction and V/III ratio during 
growth (see Figure 2.9a insets).50,55   
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Figure 2.9 | In-plane nanowire growth techniques 
a: SEM image of an in-plane InAs nanowire network grown using a selective 
area mask in a molecular beam epitaxy (MBE) machine. Scale bar is 1 µm. 
Zoom-in shows the junction uniformity. Insets: Cross-section TEM image 
showing the morphology of the nanowire grown along different growth 
directions (mentioned on the right). Scale bars are 50 nm. Image adapted 
from50. b: Schematic of in-plane grown nanowires using a silicon oxide tube 
template. A silicon seed inside is used as the nucleation point to grow a III-V 
semiconductor nanowire. Image adapted from56. 

Another method to grow in-plane nanowires is by using 
template-assisted growth (see Figure 2.9b), in which a silicon substrate 
is etched back and covered with an amorphous oxide mask to define the 
intended shape of the nanostructure.56 Next, the hollow SiO2 template 
with a silicon seed is used to grow a III-V semiconductor on silicon in 
the predefined pattern. Finally, the template oxide layer is removed to 
expose the III-V nanostructure. The advantage of the template-assisted 
selective epitaxy (TASE) technique is the precise control over the final 
dimensions of the nanowires, as the SiOx tunnel defines the width and 
height. A disadvantage of this technique is the difficulty of growing 
closed-loop networks. Since the source material needs to reach the 
growth front, loops in the network will not fully grow if one of the arms 
will grow until the entrance of the SiOx tunnel and cuts off further 
supply of material. Another complication is for the creation of 
superconducting islands, which requires the SiOx to be etched first, 
potentially contaminating the nanowire surface, and reducing the 
interface quality between wire and superconductor. 
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2.2.4. Crystal defects 

Regardless of the method used, the lattice mismatch between the 
substrate material and the nanowire material can cause crystal defects 
which could influence the electronic transport properties of the 
semiconductor. Crystal defects can generally be classified in four 
categories:57,58 1. Point or zero-dimensional defects (Figure 2.10a), in 
which one (or a few) atom(s) is a) missing (vacancy), b) in between the 
lattice atoms (interstitial), c) of a different material is placed in the 
lattice (substitution) or d) misplaced (Frenkel pair). These types of 
defects are mainly dependent on contaminations in the growth 
chamber during growth, impurities in the source material, or on the 
ratio between the compounds in case of an alloy semiconductor (e.g., 
Pb/Te ratio during PbTe growth). 2. Line or one-dimensional defects, in 
which a line of atoms is misaligned (see Figure 2.10b) or missing. When, 
for example, a material with a larger lattice constant is grown on top of 
substrate with a smaller lattice constant, a misfit dislocation can occur 
at the interface to accommodate for the lattice mismatch. This is an 
important type of defect throughout this thesis, due to the large lattice 
mismatch of InSb with any other III-V semiconductor. 3. planar or two-
dimensional defects are defects that propagate through a plane of 
atoms, like a twin-plane, an anti-phase boundary or a grain boundary. 
Twin planes are crystal defects in which the stacking of the different 
atomic layers is altered, as can be seen in Figure 2.10c, where an ABC 
stacking sequence is flipped (ABCABACBA, red atoms). Twin planes 
crossing the nanowire radially, will have a profound effect on the 
electronic properties of the semiconductor, acting as a carrier scattering 
source and changing the lattice strain, thereby influencing the electron 
mobility.59 Antiphase boundaries, as shown in Figure 2.10d for example 
(gallium-white, phosphorus-black), are a type of defect in which the 
stacking of one part of the crystal is mirrored to the other part (left and 
right-side in the figure), causing atoms of the same type to be placed 
next to each other instead of in an alternating fashion. This leads to a 
local electronic charge (energy barrier) in the material, negatively 
influencing the electronic properties (like mobility).60 4. volume or 
three-dimensional defects are a type of defect that can be considered as 
voids in the crystal or inclusion of foreign materials, like the vacancy or 
interstitial in (1.), but on a slightly larger (3D) scale.  An example of this 
could be residuals of mask material in an etched mask opening on the 
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substrate. These nanometre-sized pieces of amorphous material could 
still be overgrown by the semiconductor nanowire. It is therefore 
important to create a clean substrate surface prior to growth. 

 

Figure 2.10 | Schematics of crystal defects  
a: A schematic summarizing the different types of point defects that can occur 
in a crystal. b: Misfit dislocation at the interface between two materials with 
different lattice constant. c: Twin plane boundaries (red), causing the crystal 
direction to flip. d: anti-phase boundary example in a gallium phosphide (GaP) 
lattice. Adapted from:61-64 
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2.3. Superconductors 

Superconductivity, in which a current can move through a 
medium without electrical resistance, was first discovered by Heike 
Kamerlingh Onnes in 1911 in mercury.65 This state can be achieved 
when the material reaches temperatures lower than the critical 
temperature Tc and the external magnetic field stays below the critical 
coercive field value Hc. Since then, many more materials have been 
shown to demonstrate superconducting properties, ranging from single 
element metals, alloys, to copper oxides and even twisted layers of 
graphene.66,67 These superconductors can generally be categorized in 
two sets: Type I and type II superconductors, in which the difference can 
be found in how they expel magnetic fields.68 Although the 
superconductivity for all materials breaks down above their specific Tc, 
they respond differently to magnetic fields. Type I superconductors lose 
their superconducting properties above a certain critical magnetic field 
Hc, whereas type II superconductors start creating vortices (magnetic 
flux quantum) in the material above a critical field Hc1 and behave as 
normal conductors above an even higher critical field Hc2. These 
vortices have normal (as in non-superconducting) cores containing 
fermionic states that behave as quasiparticle poisoning the hard gap 
required for the Majorana bound states (i.e., the Majorana quasiparticle 
can localize in any of the vortices). Therefore, only type I 
superconductors should be considered for semiconductor-
superconductor hybrids for the detection of Majorana fermions.  

Furthermore, the superconducting film should be thin (less than 
100 nm) such that it can withstand high parallel magnetic fields, and 
uniform to minimize disorder. On the practical side, the superconductor 
material ideally forms a self-terminating oxide to avoid oxidation of the 
complete film and removing the need for a capping layer. Materials that 
match closely in lattice constant with the semiconductor nanowire are 
favoured as they are expected to form closed films at only a few 
nanometres thickness (see material growth modes Figure 2.6). A list of 
the most promising candidates is shown in Table 2.1. 
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Element Tc (K) Hc (T) Tmelt (0C) 

aluminium (Al) 1.2 0.01 660 

lead (Pb) 7.2 0.08 328 

white tin (β-Sn) 3.7 0.03 232 

niobium (Nb) 9.2 0.83 2477 

vanadium (V) 5.1 0.14 1910 

indium (In) 3.4 0.03 156 

Table 2.1 | Overview of promising superconductors for hybrid semiconductor-
superconductor topological systems. 
Overview of promising superconducting materials and their relevant 
superconducting properties critical temperature (Tc) and critical field (Hc). For 
processing and device applications, the material melting temperature (Tmelt) is 
relevant. Data compiled from:68-74. 

The most researched superconductor from this is aluminium in 
combination with both InAs as well as InSb nanowires.46,51,75 Lead and 
tin are interesting for their higher critical temperature and the first 
results in combination with InAs and InSb nanowires have been 
published recently.47,76 Indium is a potentially suitable candidate in 
particular for the combination with InAs and InSb as this could 
potentially remove the intermixing problems that could occur at the 
semiconductor-superconductor interface. Niobium and vanadium are 
particularly interesting for their relatively high Tc as well as high Hc but 
are difficult to process due to their extremely high melting points. This 
could however be solved by using a shadow deposition technique which 
would exclude the need for selective etching of the superconductor, a 
method that has been demonstrated to work for other 
superconductors.46,47,77 
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Most of the work presented in this thesis is based on 
experiments performed inside the Nanolab@TUe cleanroom facilities.1  

In this chapter, the different tools used for the growth and 
analysis of nanowire samples are briefly described. The core of the work 
is focused on epitaxial growth of semiconductor-on-semiconductor or 
superconductor-on-semiconductor using Metal-Organic Vapor Phase 
Epitaxy (MOVPE) and Molecular Beam Epitaxy (MBE). Scanning 
electron microscopy (SEM) and transmission electron microscopy 
(TEM) are characterization techniques used for analysing the nanowire 
samples. These techniques are comprehensively described below. 

3.1  MOVPE 

Metal-Organic vapor phase epitaxy (MOVPE) (also called Metal-
Organic chemical vapor deposition (MOCVD)) is a low-pressure 
technique for growing high-quality semiconductor materials.2 The 
MOVPE reactor used for the work presented in this thesis is an Aixtron 
horizontal flow reactor with two different reactor chambers that share 
the same gas lines (Figure 3.1a). In general, these systems are comprised 
of several sections: a gas cabinet, the reactor, and a glovebox, as 
schematically represented in Figure 3.1b. The gas cabinet contains the 
gas lines and the bubblers with the metal-organic source material. 
When the system is idle, the material sources are closed, and the gas 
lines and reactor are continuously flushed with purified nitrogen (N2) 
gas to avoid oxidation and, for safety reasons, to remove any trace gases 
that might form over time inside the reactor. When the reactor is 
running (i.e., growing semiconductor material), hydrogen gas (H2) is 
used as a carrier gas. Hydrogen (H2) gas enters on the left and carries 
hydride source materials (e.g., PH3 and AsH3) or metal-organic source 
materials (e.g., TMIn, TMSb, TEGa, …), which are stored in bubblers.  
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Figure 3.1 | Metal-organic vapor phase epitaxy machine 
a. Picture of the metal-organic vapor phase epitaxy (MOVPE) tool used for the 
experiments in this thesis. b. Schematic overview of the system shown in (a). 
c. Schematic of the workings of a bubbler with a Tri-methyl-Indium (TMIn) 
molecule in the inset. d. Perspective view of the inside of a growth chamber 
with susceptor (grey), rotating disk to carry the sample, glass liner and two 
thermocouples (Tc1 and Tc2). 

The bubbler (sketched in Figure 3.1c) is placed in a thermostatic 
bath, to control the vapor pressure of the precursor material, which 
ensures reproducibility of material extraction efficiencies and longevity 
of the source material. When a source is used, H2 gas is flowing through 
the bubbler, taking along source material molecules. This gas mixture 
is then diluted with H2 in the main gas lines of the system and combined 
with gas mixtures from other sources. An example of a metal-organic 
molecule is Tri-Methyl-Indium (TMIn), which is shown in the inset. 
The evaporation rate of the metal-organic source material depends on 
the specific source material molecule, the H2 gas flow rate, the bubbler 
temperature and bubbler pressure.2 Prior to the growth, the gas mixture 
is vented to the exhaust to allow the flows to stabilize. Material growth 
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is initiated by directing the flow to the growth chamber (chamber A or 
B on Figure 3.1b).  

A glass cylinder, called a liner, forms the outer shell of the reactor 
chamber. Around the liner, an array of water-cooled infrared heating 
lamps is positioned to heat the susceptor, which is shown in Figure 3.1d. 
A silicon carbide (SiC) coated graphite susceptor (grey) is located at the 
centre of the chamber, with a rotating disk that carries the sample. The 
gas flow enters the chamber, flows over the susceptor, onto the 
downstream plate (glass) and exits the chamber on the right. The 
rotation disk ensures uniform supply of source material during the 
growth. Precise temperature control is achieved by using two 
thermocouples (Tc1 and Tc2) at the heart of the susceptor which provide 
active feedback to a proportional-integral-derivative (PID) controller. 

Sample loading and unloading occurs via the loading door of the 
chamber, through the glovebox (Figure 3.1b) on the right side of the 
system. The glovebox is an enclosed area under N2 overpressure to 
avoid oxygen or water to enter the reactor or react with the growth 
substrate. Samples can also be stored for longer periods of time in the 
glovebox to protect them from ambient air.  

3.2  MBE 

Molecular beam epitaxy (MBE) is an ultra-high vacuum (UHV) 
technique (10-11 mbar range) for growing high-quality epitaxial 
semiconductor materials, using high-purity elemental (or compound) 
source materials.3,4 Where MOVPE suffers from hydrogen and carbon 
incorporation in the semiconductor layers due to the H2 carrier gas and 
the organic molecules of the source material, MBE is designed to 
minimize any impurities into the grown semiconductor material. By 
using a segmented design, several steps of cleaning/degassing and a 
combination of various pumping techniques, an ultra-high vacuum can 
be created and maintained to minimize impurity incorporation in the 
grown semiconductor. 

An MBE chamber (Figure 3.2a) generally consists of a double 
walled stainless-steel chamber with a cryo-shroud. A manipulator arm 
(Figure 3.2b) with an integrated heater and thermocouple carries the 
sample holder and a main shutter can block the incoming material flux. 
Sources containing the growth material are located at the bottom of the 
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chamber all oriented directly at the sample position. Each cell can be 
independently controlled in temperature and is specifically designed 
for the material it contains. A beam flux monitor (BFM) can be moved to 
the sample position to measure the beam equivalent pressure of a 
source material being evaporated in the chamber, allowing for precise 
control of the growth flux. 

 

Figure 3.2 | Molecular beam epitaxy system for III-V semiconductors and 
hydrogen cleaning 
a. Picture of the molecular beam epitaxy (MBE) chamber used for III-V 
semiconductor growth and hydrogen cleaning. b. Schematic of the MBE 
chamber, with the manipulator on the left, a beam flux monitor (BFM) and a 
main shutter (also see inset). The hydrogen cell is depicted on the bottom.  

 The ultra-high vacuum in the chamber is achieved by 
combining several pumping techniques.5 After closing an MBE 
chamber, it is pumped with a regular backing pump to low 10-2 mbar. 
The turbopump then takes over and pumps the system further down to 
low 10-6 mbar.  With the turbo running, the chamber is baked at 120-150 
0C for several days to outgas the chamber walls and remove water 
molecules as much as possible from the system. After baking, liquid 
nitrogen (LN2) is turned on and will flow through the shrouds (chamber 
walls) to cool them down to around 77 K acting as a condenser for atoms 
impinging on the inside walls. The turbopump is then closed and the 
system is pumped with an ion pump and cryopump, achieving 
pressures around 10-11 mbar. This is the final setup in which 
semiconductor growth will be performed. 

The schematic shown in Figure 3.3 represents a top view of the 
system used for this thesis. A long transfer tube (horizontal, left to right) 
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serves to transfer samples from the load locks (left end inside the 
glovebox and right end) to a degas station or one of the three growth 
chambers. Each segment is separated using gate valves with the idea 
that each segment, from load lock towards growth chamber, contains 
cleaner samples and a better (higher) vacuum.  

 

Figure 3.3 | Top view of the molecular beam epitaxy system at Nanolab@TUe 
Top view schematic of the molecular beam epitaxy (MBE) system at 
Nanolab@TUe.1 The system consists of three different chambers for III-V 
semiconductors, II-IV-VI semiconductors, and metals. On the left side, samples 
can be loaded through a glovebox. On the right, directly from ambient. Each 
segment is separated with gate valves to ensure cleanliness and ultra-high 
vacuum in the system. 

A sample holder is first outgassed at around 600 0C for 3 hours 
before mounting any sample, ensuring there are no residual organics or 
water from the production or cleaning process. Next, samples are 
mounted using either pure metallic gallium or indium as glue. Indium 
has a melting point of 429.8 K (156.6 0C)6 and is generally used for 
mounting samples as it is easier to work with for mounting and it does 
not tend to crawl over the top surface of a sample at higher 
temperatures. Gallium is used for temperature sensitive samples as its 
melting point is around 303 K (30 0C), making it easier to mount and 
unmount samples without the need for additional heating. The 
disadvantage is that it tends to crawl over a sample surface at higher 
temperatures, especially with samples that are covered with a dielectric 
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layer like SixNy or SiOx. After the sample is mounted, it is loaded into a 
load lock, pumped down, and degassed for 2 hours at 300 0C at a degas 
station. After this, the sample can be grown on. For this thesis, the III-V 
chamber (Figure 3.2) is used for hydrogen cleaning and the metals 
chamber (Figure 3.4) for the deposition of superconductors.  

 

Figure 3.4 | Molecular beam epitaxy chamber for metal deposition 
Picture of molecular beam epitaxy (MBE) chamber for metal deposition at 
cryogenic temperatures. The sample can be loaded into the chamber (1) using 
the loading arm (2) onto a cold-stage manipulator (3) that can cool with liquid 
nitrogen (LN2). The deposition rate of the materials from the effusion cells (4) 
can be accurately measured by a quartz crystal monitor (QCM) (5). 

The chamber in Figure 3.4 is designed for the deposition of 
superconductors or other metals at low temperatures. The manipulator 
(3) can be cooled using LN2 down to 107 K (-166 0C). In order to get a 
uniform thin layer of a superconducting metal (e.g., Al) the low 
substrate temperature allows for decreasing the diffusion length of the 
impinging adatoms, avoiding the aluminium to ball up and form 
separate droplets on the semiconductor surface. The metals are 
evaporated from effusion cells (4) and the deposition rate can be 
measured using a quartz crystal monitor (QCM, 5).  
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3.3  Scanning electron microscopy 

By using a focused beam of electrons, physical features on the 
micro- and nanoscale can be visualized. An image is created by 
scanning a sample area spot by spot in a xy-pattern and capturing 
electrons that come from the sample surface on a detector.7 Hence the 
name scanning electron microscopy or SEM. 

A schematic cross-section of an SEM is shown in Figure 3.5a. At 
the top of the column, an electron beam is created by applying a high 
voltage on a field emission gun (FE-gun). The electrons are then 
accelerated and focused in a narrow bundle by using an aperture, 
magnetic and electrostatic lenses, and coils. To have a well-focused 
beam hitting the sample surface, the aperture and the astigmatism of 
the beam need to be adjusted regularly. When the aperture is not 
perfectly aligned, the beam can partially hit the aperture edge causing 
electrons to scatter and interfere with the electron bundle, adding 
distortions and noise to the final image. The astigmatism occurs when 
the beam does not have a perfectly circular cross-section but slightly 
elliptical, causing the image to stretch in one direction. To overcome 
this issue, a stigmator is used to generate an electric quadrupole field 
that can make tiny adjustments to the electron beam, enabling the user 
to create a symmetric beam, increasing the image resolution and 
quality.  

Finally, scan coils at the bottom of the column allow for the 
bundle to move over the sample in an xy-pattern to create an image of 
the sample surface, pixel by pixel. The electrons coming from the 
sample surface can be detected with the in-lens detectors and can be 
either backscattering electrons, meaning they are from the incident 
beam and scattered on the atoms of the sample, or secondary electrons, 
which are expelled from the surface atoms by the kinetic energy of the 
impeding electron beam. The results acquired throughout this thesis are 
acquired using secondary electrons, which will give a higher resolution 
on surface details.  
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Figure 3.5 | Scanning electron microscope 
a. Cross-section schematic view of a Zeiss Sigma scanning electron microscope 
(SEM).8 b. Picture of the inside of the chamber showing the 5-axes stage with 
samples, the beam column and manipulator tip. 

3.4  Nanomanipulation of nanowires 

Nanowires grown out-of-plane, either vertical or inclined under 
an angle, need to be transferred to other substrates to enable additional 
studies. For crystallographic characterization by transmission electron 
microscopy (TEM), nanowires need to be transferred to a TEM-grid, 
generally consisting of a copper mesh covered with a thin carbon film 
with holes in it. For electrical transport measurements, nanowires need 
to be transferred to a suitable substrate that usually has a general or 
local bottom gate(s) with a dielectric layer on top to electrically insulate 
the nanowire from the gates. Here, nanowires can be contacted and 
characterized by electrical transport measurements. For both cases, 
swiping the growth chip on top of the designated substrate could 
deposit nanowires for the desired analysis. However, this technique has 
some intrinsic limitations. The nanowires tend to be spread randomly 
over the target substrate, with them mostly sticking to the copper mesh 
for TEM-grids and being randomly oriented, possibly in bundles 
together, on transport chips, making local gating from the bottom 
difficult. Additionally, this method can damage the final substrate and 
add a lot of contamination to the chip.  
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A way to solve this is by using a nanomanipulator as shown in 
Figure 3.6a, which consists of a set of piezo-electric motors that can 
move a tungsten needle, with a micrometre-thick tip, with nanometre 
accuracy. This way a single nanowire can be taken from the growth 
substrate (Figure 3.6b) and positioned precisely on the target substrate, 
enabling a plethora of experiments and analyses on these nanowires. 
Some examples are: a wire can be placed exactly over a hole in a TEM-
grid (Figure 3.6c); it can be positioned exactly perpendicular to and over 
a bridging gap allowing to perform strain analysis on a quantum dot in 
the middle of the nanowire; or placing two nanowires in each other’s 
extension to allow for a single focused ion beam (FIB) cut on two 
nanowires at the same time for TEM analysis. This can all be done 
while exactly knowing from which location the nanowire came, 
allowing studying wires from a specific growth pattern with controlled 
diameter and pitch. Also, nanowires from the same chip can be used for 
electrical and crystallographic characterization, ensuring the results 
from these techniques can be correlated to the same nanowires.   

 

Figure 3.6 | Precise nanowire transfer by nanomanipulator 
a. Image of a Kleindiek mm3a-rotip nanomanipulator used to transfer 
nanowires from the growth substrate to a characterization substrate.9 b. 
Growth substrate with nanowires grown under an angle. The manipulator tip 
is on the right showing the sharpness of the tip. Scale bar is 1 µm. c-e. Various 
applications for nanowire characterization substrates demonstrating the 
advantages and applicability of this technique. Scale bars are 1 µm. 
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3.4.1 Tutorial 

Transferring nanowires using the nanomanipulator is rather 
straightforward but requires a lot of practice. A few tips and tricks can 
come in handy when setting up the system for the first time. Figure 3.7 
shows how the general system preparation looks like.  

 

Figure 3.7 | System preparation for nanomanipulation 
a: Manipulator end-piece connected to the holder with a copper wire for 
electrically grounding the system. b: chips mounted on the opposite side of the 
copper wire and a TEM-grid held by a tweezer. c: Zoom-in on the chips, with a 
growth substrate (1, upper) and TEM-grid carrier (2, lower) silicon chip. The 
TEM-grid (3) is mounted on the silicon with only its very edge sticking to a 
carbon sticker. d: Full assembly mounted back into the SEM and ready to be 
pumped down.  

After venting the chamber, the holder and front part of the 
manipulator can be taken out. These two components need to be 
electrically shorted to have the same ground and avoiding a potential 
difference between manipulator and sample during transfer. This is 
important because without this, the electron beam of the SEM will 
charge the sample and manipulator tip differently and cause a potential 
difference. This can be observed by VLS nanowires bending towards the 
tip as the tip moves closer to the substrate during nanomanipulation, 
which will either cause the nanowires to stick to the tip making it 
impossible to deposit them elsewhere, or by burning/melting the 
nanowire due to the high current passing through them upon touching 
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the nanowires. It depends on the grounding of the sample what is more 
likely, but either way, it is undesirable. The shorting can be done by 
connecting the manipulator end to the holder with an insulation-free 
thin copper wire (Figure 3.7a). Make sure the wire is fixed on both ends 
(wrap it a few times around the manipulator end and fix it with a carbon 
sticker on the holder end). A few stubs can be mounted on the opposite 
side of where the copper wire is mounted, and the growth and 
deposition chip can be mounted on the stubs. Figure 3.7b shows the 
final setup, with the chips mounted opposite of the wire. The tweezer 
holds a fragile TEM-grid, consisting of a copper mesh covered with a 
very thin carbon films containing holes. In order to transfer nanowires 
to the TEM-grid, a special carrier chip is made to avoid the grid from 
sticking to carbon film, which would tear it apart when attempted to 
remove. Figure 3.7c is a zoom-in on the carrier chip, which is simply a 
1x1 cm silicon chip with a small piece of carbon tape on one half, covered 
again by a 0.5x1 cm2 silicon piece. The TEM-grid can be put on the flat 
non-sticking silicon and moved in between the two silicon pieces, such 
that the edge of the TEM-grid is slightly sticking to the carbon sticker 
avoiding any sliding during transfer. Finally, everything can be 
mounted into the SEM (Figure 3.7d) with the chips on the left side (as 
this side will tilt up later) and the front-end of the manipulator mounted 
back on the rest of the manipulator. Finally, the transfer tip, a tungsten 
tip on a tiny aluminium rod, needs to be mounted into the manipulator 
for the actual transferring.  

After the SEM is pumped down, the stage can be tilted to 30 
degrees, with the samples to the topside of the stage. The manipulator 
will then have plenty of space to move between the column and the 
stage. After turning on the extra high tension (EHT), move the 
manipulator to the sample and in the viewing field of the SEM. Slowly 
move the tip to the substrate until it just touches and then perform the 
standard aligning of the aperture, astigmatism, contrast, and 
brightness. This is done after the tip is in view because it will create 
significant distortions in the electron beam, making any prior 
adjustments useless. The system can now be used for transferring 
nanowires.   
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3.5  Transmission electron microscopy 

Transmission electron microscopy or TEM is an electron-based 
imaging technique with sub-nanometre resolution.10,11 It allows for the 
imaging of the atomic structure and defect analysis of crystal lattices. 
Nanowire samples can be imaged in the TEM by transferring them onto 
a TEM grid, a copper mesh with a punctured carbon film. Alternatively, 
they can be prepared by using focused ion beam (FIB, sputtering using 
gallium atoms) to cut out a slice of a sample (about 50-100 nm thick by 
several micron long). This is done with all the in-plane grown 
nanowires in Chapter 5 and Chapter 6. There are three main modes used 
for imaging: TEM mode, scanning TEM or STEM, and energy dispersive 
x-ray spectroscopy (EDX) mapping. Figure 3.8 shows a schematic 
overview of the main difference between TEM mode and STEM mode.  

 

Figure 3.8 | Schematic overview of TEM and STEM mode 
a,b: Schematic overview of transmission electron microscopy (TEM), in which 
a parallel beam of electrons hits the sample, an objective diaphragm filters the 
beam. Either the transmitted beam is passed through to the imaging system to 
form a bright field image (BF) (a), or a diffracted beam is passed, forming a dark 
field (DF) image (b).10 c,d: Scanning transmission electron microscopy (STEM) 
overview.12 Electrons are focused on the sample surface in a convergent beam. 
The electrons that pass through the sample can be collected by the bright field 
detector (BF) (c), the annular dark field detector (ADF) or the High-angle ADF 
(HAADF) detector (d).  

In TEM mode, a parallel beam of electrons hits the specimen, 
travels through the atomic lattice and the resulting interference pattern 
is collected by a CCD detector. By using a small aperture in the focal 
plane of the objective lens (the objective aperture), the diffracted beams 
are blocked, and the transmitted beam will form a bright field image.13 
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In dark field mode, a specific diffraction spot (other than the transmitted 
beam) is chosen using the objective aperture, which will only highlight 
the regions in the sample contributing to this specific diffraction spot. 
This allows for the detection of a specific crystallographic orientation 
in the sample and can be used to detect crystal defects. Instead of 
creating a magnified image in TEM mode, also the back-focal plane can 
be projected onto the CCD camera, yielding an electron diffraction 
pattern (Figure 3.9). The periodicities in this reciprocal space image, as 
well as the angles between the various directions are characteristic for 
a specific crystal structure. Alternatively, images similar to the electron 
diffraction pattern can be obtained by creating a Fast Fourier Transform 
(FFT) of (a selected region of) an atomic resolution TEM image. The 
latter is used in this thesis to study the crystal structure and epitaxial 
relations.  In STEM mode, the electron beam is focused on the sample in 
a convergent beam. The resulting signal is collected by multiple 
detectors: A bright field (BF) detector, an annular dark field (ADF) 
detector, and a high-angle annular dark field (HAADF) detector.  

 

Figure 3.9 | Diffraction pattern  
Typical example of a diffraction pattern from an InSb nanowire, with the direct 
beam spot in the middle and an array of diffraction spots around it. The 
symmetry of the pattern as well as the periodicities of this reciprocal lattice are 
key to uniquely identify the crystal phase and orientation. ‘111’ and ‘200’ 
represent the Miller indices hkl of the selected diffraction spots. Image source:14  
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The bright field detector captures the signal of the direct beam 
passing through the sample as can be seen in Figure 3.8b. In this case, 
thicker regions of the sample, or materials with a higher electron weight 
appear darker on the resulting image. Using the HAADF detector, which 
collects the electrons scattered to high angles, away from the diffraction 
scattering, leads to images where the atomic mass and material 
thickness define the contrast, with a higher brightness for heavier 
atoms.  

Finally, energy-dispersive X-ray spectroscopy (EDX) mapping 
can be done on a sample to identify the elements present in different 
regions of the sample. Electrons travelling through the sample may 
eject electrons from an inner shell, thereby creating an electron-hole 
pair. An electron from a higher energy shell may then fill the hole, 
thereby emitting an X-ray photon with an energy characteristic for this 
transition. Each element has its own set of characteristic energies, 
leading to an energy spectrum with distinct peaks. These energy peaks 
can be attributed to different elemental materials and by combining the 
information extracted from this energy spectrum with the position the 
X-rays originated from in the sample, an EDX mapping is made, giving 
detailed information on the material composition of different regions of 
the sample. 
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4.1. Introduction 

InSb nanowires have been shown to be very promising 
candidates for topological quantum computing, due to their strong spin-
orbit coupling, high electron mobility and large Landé g-factor.1-5 These 
InSb nanowires were grown using bare InP (111)B substrates with an 
electron beam lithography patterned array of 8 nm thick gold droplets.6 
In order to achieve more complicated InSb nanowire networks using 
the VLS method, previously, InP stems were grown vertically on InP 
(100) substrates and then kinked to the <111>B direction by changing the 
growth parameters.7 These stems are also necessary to ensure proper 
InSb nanowire growth (as described in Chapter 2.2.2.). Then, the InSb 
nanowires were grown on top along the <111>B direction. Although that 
did sometimes lead to InSb nano-crosses, the kinking would be left or 
right with a 50/50 percent chance, leading to a 25 percent chance of 
adjacent nanowires growing towards each other, drastically impacting 
the yield. Furthermore, more complex structures were not possible with 
this technique due to limitations in maximum growth time versus 
required minimum length.  

To overcome these limitations, a new platform is designed to 
allow well controlled positioning and growth of the InSb nanowires 
enabling the formation of complex nanowire networks.8 This new 
technique uses an InP(100) substrate that is selectively etched to form 
trenches with exposed and opposing {111}B facets. Nanowire growth 
orthogonal to these facets enables the preferred <111>B growth direction 
of the InSb VLS grown nanowires, which will allow the nanowires 
starting from opposing B facets to grow towards each other.9 This 
process has been further developed to achieve a high level of control 
over the trench size, depth and gold droplet position leading to the 
creation of well-defined final InSb nanowire networks. Alternatively, 
nanowires can be used as shadowing objects by letting two or more 
nanowires from opposing facets cross but not merge, allowing for 
selective superconductor deposition from a directional material source.8  
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4.2. Substrate development 

A schematic overview of the substrate processing is shown in 
Figure 4.1. An InP (100) substrate is covered with a SiOx mask (Figure 
4.1a) which is subsequently selectively etched using reactive ion 
etching to open the areas where the trenches will be formed later 
(Figure 4.1b). The trenches can be etched by using a liquid chemical 
etching method or a gas phase etching technique, both are discussed in 
more detail below. Both methods involve anisotropic etching, resulting 
in the exposure of {111}B side facets (Figure 4.1c) which are required for 
the <111>B growth of InSb VLS nanowires. The first mask is stripped 
(Figure 4.1d) and an amorphous 20 nm thick SixNy mask is deposited to 
cover the entire substrate surface Figure 4.1e). Finally, holes are 
selectively etched in the mask using buffered HF on the sides of the 
trenches and an 8 nm thick gold layer is deposited in the openings of 
the mask using a standard lift-off process (Figure 4.1f). The final 
substrate will look as shown in Figure 4.1g, where the gold droplets are 
aligned to each other on opposing sides of different trenches. A more 
detailed processing recipe is described in Section 4.7.1. 
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Figure 4.1 | Schematic overview of critical substrate processing steps 
a: An InP (100) substrate (grey) is covered with a 50 nm thick SiOx mask (light 
blue). b: The trench openings (around 200 nm wide) are etched into the mask 
using reactive ion etching. c: The trenches are etched through the openings of 
the mask exposing {111}B side facets. d: Perspective view of the substrate after 
mask removal. Trenches with {111}B facets on both sides are visible. e: A 20 nm 
thick SixNy mask (light blue) is deposited on the substrate. f: Holes are etched 
in the mask using buffered HF and gold is deposited in the holes to form gold 
droplets that act as catalysts during InSb growth. g: Perspective view of a final 
substrate design with gold droplets on opposing sides in different trenches so 
nanowires can grow towards each other (see details in Section 4.7.1 and 4.7.2). 
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4.2.1. Trenches: wet chemical versus MOVPE etched 

There are two main techniques to create InP (100) substrates with 
{111}B terminated trenches. The first technique is by using a liquid 
chemical solution to etch into the InP substrate. There are many 
etchants for InP reported in literature, allowing for the exposure of 
different specific crystal planes.10-14 In this particular case, the use of 
hydrogen bromide (HBr) and phosphoric acid (H3PO4) in a specific ratio 
has been chosen to create {111}B terminated trenches.10 Figure 4.2 shows 
cross-section SEM images of a typical trench etched in an InP (100) 
substrate with a SiOx mask on top and ~150 nm wide mask openings. 

 

Figure 4.2 | Liquid chemical etching of trenches in InP (100) substrates 
a-c: Cross-section scanning electron microscope images (SEM) of etched 
trenches using etchant solutions with different ratios of HBr to H3PO4 as noted 
in the top right of the image. The inclined {111}B side facets are visible in all 
cases and a horizontal {100} facet on the bottom of the trench is still well 
pronounced after using a more diluted etch (c). In all three images, the mask 
opening width is around 150 nm (indicated by the white dashed lines) and the 
etching time is 10 seconds. Scale bars are 100 nm. 

As can be seen in Figure 4.2, changing the ratio of the HBr to 
H3PO4 in the solution (indicated on the top-right of each image), the 
geometry of the trench is altered, and different terminating facets can 
be observed. In all cases, the inclined side facets are {111}B facets. A 
higher concentration of H3PO4, however, leads to a more pronounced 
formation of a horizontal {100} facet on the bottom of the trench. The 
etching time is 10 seconds for all three images, but the height of the 
trench decreases with increasing H3PO4 fraction, while the under-
etching of the mask remains comparable (around 100 nm), indicating 
that the vertical etch rate of the (100) facet is slowed down, while the 
lateral etch rate of the {111}B facets remains similar. By keeping the 
HBr:H3PO4 ratio constant at 1:4 (as in Figure 4.2c) the time evolution of 
the etching can be investigated (Figure 4.3). 
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Figure 4.3 | Liquid chemical etching of InP (100) substrates as a function of time 
a-c: Scanning electron microscope (SEM) images showing the time evolution 
of wet-etched trenches in InP (100) substrates using a 1:4 HBr:H3PO4 solution. 
The mask openings are all around 150 nm and all scale bars are 200 nm. a: After 
10 seconds of etching, the canal shape is formed with a horizontal {100} bottom 
plane. There is some etching under the mask and {111}B side facets are formed. 
b: The trenches continue to etch vertically as well as laterally, with faster 
lateral etching. c: After 45 seconds of etching, two neighbouring trenches are 
merging and the SixNy mask has collapsed.  

Figure 4.3 shows three cross-section SEM images of trenches 
etched into an InP (100) substrate with a 50 nm thick SiOx mask on top 
and 150 nm wide openings in the mask. All three images have the same 
scale, making them directly comparable to one another. The etching 
times are noted in the top-right of each image and are 10, 15, and 45 
seconds for Figure 4.3a, b, and c, respectively. The aimed width of the 
final trench was between 700 nm and 800 nm for geometrical reasons, 
while the etched widths of the trenches here are around 300 nm for 
Figure 4.3a, around 700 nm for Figure 4.3b and more than 900 nm for 
Figure 4.3c (because of the merging of the two trenches in Figure 4.3c, 
the precise width is hard to determine). Given that the liquid etching 
step is performed in a manual fashion, where a sample is clamped with 
a tweezer, and dipped into the solution for a set amount of time, the 
exact dimensions are very difficult to reproduce with such small 
timescales. One could argue that there are solutions to this, by diluting 
the solution with water, potentially slowing down the etch rate, 
reducing the etching temperature, or using some type of automated 
“dipping machine”. Since control of the trench dimensions is crucial, we 
explore a more reliable and reproducible technique. 

An alternative method to wet chemical etching is to use gas 
phase etching. It has been shown that hydrogen chloride (HCl) gas in a 
metal-organic vapor-phase epitaxy (MOVPE) tool can be used for 
etching InP.15 For more information on the MOVPE tool see Chapter 3.1. 
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All pressures, valves, material flows, etc. are computer controlled in this 
machine, allowing for very precise and reproducible processing. For the 
trench etching experiments, an InP (100) substrate with a 50 nm thick 
SiOx mask on top is used. Mask openings of around 200 nm wide and 50 
µm long are etched using reactive ion etching. Before the sample is 
loaded into the MOVPE reactor, the sample is dipped in an H3PO4:H2O 1:3 
solution to remove the surface oxide from the InP surface in the mask 
openings. This will ensure a smoother etching of the trenches later on. 
Next, the sample is loaded in the reactor and a recipe is started. Here, 
the recipes all follow the same steps (see Section 4.7.1). The sample is 
heated up under a PH3 overpressure of 60 sccm and the trenches are 
subsequently etched at a temperature of 635 0C with 20 sccm of PH3 and 
2 sccm of HCl. PH3 is added as an overpressure gas to reduce the 
phosphorus desorption from the substrate, while the HCl reacts with the 
indium to form InCl3. The results are shown in Figure 4.4, with the total 
etching time (i.e., HCl gas flow on) indicated in the top-right of each SEM 
image.  

 

Figure 4.4 | Etching trenches in InP (100) substrates using HCl gas-phase 
etching in an MOVPE 
An InP (100) substrate with a SixNy mask is etched in a metal-organic vapor 
phase epitaxy (MOVPE) machine. Mask openings are around 200 nm and scale 
bars are 200 nm. a: After 1 minute of etching. small pit holes and segments are 
etched into the InP (100) substrate, immediately exposing {111}B side facets. b: 
After 6 minutes of etching the entire trench is etched into a V-groove, 
terminated by {111}B side facets. These facets still show some roughness. c: 15 
minutes of etching the trenches shows very uniform and clean trenches with 
smooth {111}B side facets. 
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Figure 4.4a shows the result after 1 minute of HCl etching in the 
MOVPE. Nanometre sized pinholes and small segments of several 
hundred nanometres length are etched into the InP and these regions 
tend to already form stable {111}B facets indicating the strong selectivity 
of this etching method. In addition to the {111}B facets, the etch pits are 
terminated by smaller {110} facets in the length direction of the mask 
opening. After 6 minutes of etching (Figure 4.4b), the full V-shaped 
trench is etched, just slightly wider than the mask opening, and with 
well-defined {111}B terminating facets. These facets still exhibit some 
roughness and tiny spots, potentially indium droplets that are not yet 
etched away. After 15 minutes of etching (Figure 4.4c) the trenches are 
etched around 600 nm wide with very clean side facets. The etching 
time in Figure 4.4c is 2.5 times longer than in Figure 4.4b, while the 
trenches have etched only about twice as wide (from around 300 nm to 
around 600 nm), indicating the relatively slow etching rate of the {111}B 
facets in the trenches. This is advantageous, because it allows for very 
uniform and smooth etching of the stable 111B planes and a very precise 
control over the final width of the trenches.  

After the trenches are etched, the SiOx mask is removed and a 20 
nm thick SixNy layer is deposited uniformly over the new InP surface. 
Holes are etched into the mask using a buffered HF 7:1 solution at pre-
defined positions using e-beam lithography and an 8 nm thick gold 
layer is deposited and by using a standard lift-off technique, gold 
droplets only remain in the mask openings. See Section 4.7.1 for more 
details. The positioning of the gold droplets on the trench side facets is 
very sensitive to the actual width and position of the trench. If the 
trenches are being etched wider than designed, the droplets are 
positioned too deep into the trench and the resulting nanowire will end 
up hitting the opposite side of the trench during growth. If the trench is 
etched too little, the gold droplet might be positioned partially on the 
edge of the trench or even on the top (100) surface. This would result in 
the nanowire crawling or growing randomly in the left or right inclined 
<111>B direction (50/50 chance). Hence, the etched width of the trenches 
is critical for the final positioning of the gold droplets. By using MOVPE 
etching with HCl gas, the final width of the trench can be controlled up 
to 50 nanometres accurate. Another factor that influences the accuracy 
in droplet positioning is the accuracy in alignment of the mask 
openings for the trenches to the crystal direction of the substrate. The 
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alignment part is a manual process using the large wafer-flat to position 
the wafer markers. Empirical data has shown that this can be done 
within 0.3 degrees accuracy. This can become more obvious on long 
trenches (> 100 µm) since the etching follows the crystal direction, 
leading to a larger lateral offset between mask opening and trench for 
longer trenches. 

4.3. InSb nanowire growth 

A number of envisioned transport experiments require InSb 
nanowire networks with different geometries and shadow 
configurations. For instance, a Majorana interference device requires a 
loop with a superconducting island on one of its arms. Different 
geometries can be realized by tuning the design of the substrate; the 
trench dimensions and the Au-particle position. Figure 4.5 shows the 
different general steps in the process of creating the final InSb 
nanostructure.  

 

Figure 4.5 | Steps in the creation of InSb nanowires on trenches 
a: Schematic overview of an InP (100) substrate covered by a SixNy mask (light 
blue). The trenches (darker blue) contain gold droplets (yellow) in small mask 
openings. b: Scanning electron microscope (SEM) image showing the gold dots 
positioned on the sides of the trenches. c: InP stems are grown from the gold 
catalysts using a metal-organic vapor phase epitaxy (MOVPE) machine. d: InSb 
nanowires are subsequently grown on top of the InP stems using the same 
MOVPE technique. All scale bars are 500 nm. 
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First a design is made as shown in Figure 4.5a, where the darker 
blue regions are the trenches. The gold droplets (yellow) are generally 
positioned on opposing sides of the trenches such that the nanowires 
will grow towards each other, as their preferred growth direction is a 
<111>B direction, i.e. orthogonal to the trench wall. In this two-by-two-
by-one design example, the idea is that two sets of nanowires on the left 
side will act as shadowing objects for the nanowire growing from the 
right side. Shadow deposition is discussed later in this chapter. The 
representative substrate after all the processing is shown in Figure 4.5b, 
showing a top-view SEM image with three trenches (lighter grey) and 
the gold droplets. Next, InP stems are grown from these gold droplets 
(see Figure 4.5c) to a length of about 1.5 µm and subsequently the InSb 
nanowires are grown on top (see Figure 4.5d).  

A critical parameter in the design of these substrates is the offset 
between the nanowires on the left and the right side, as shown in the 
schematic in Figure 4.6a, indicated by the white and the black dashed 
line.  

When the offset is larger than the diameter of the InSb nanowire, 
the two opposing nanowires miss and grow past each other as seen in 
the SEM image in Figure 4.6b. This design can be used for shadow 
deposition of metal contacts on the nanowires by loading the grown 
substrate into a molecular beam epitaxy machine, where a directional 
beam of material can be deposited under any specified inclined angle.  

If the offset between the gold droplets is just within the diameter 
of the nanowire (as in Figure 4.6c), the InSb nanowires can grow 
towards each other and merge at the crossing, forming a nano-cross as 
shown in the SEM image in Figure 4.6d. By adding more gold droplets 
on specific position in the design, this will allow for the formation of 
nanowire networks with multiple junctions. 
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Figure 4.6 | Importance of gold droplet offset for resulting InSb nanowire 
structure 
The offset of two opposing gold droplets is indicated with the white and black 
dashed line. a: The offset is larger than the expected nanowire diameter. b: 
Scanning electron microscope image (SEM) of the final growth result of (a). InP 
stems are grown from the gold droplets and InSb nanowires are then grown on 
top of the stems. Here, the nanowires grow past each other and just miss each 
other. c: The offset between the opposing gold droplets is slightly less than the 
expected nanowire diameter. d: Result of an offset as shown in (c). The InSb 
nanowires continue to grow past each other but start merging at the junction 
due to lateral overgrowth. e: There is no offset between the gold droplets. f: As 
a result of no offset between the droplets, the two gold droplets meet during 
growth and the InSb starts forming a nanoflake. All scale bars are 1 µm. 

With no offset between the droplets (Figure 4.6e), the nanowires, 
while growing towards each other, will meet and merge. A nanoflake 
will start forming by vapor-solid (VS) growth on the inside corner of the 
junction (Figure 4.6f). A common problem when growing InSb layers for 
2-dimensional electron gas (2DEG) experiments is the large lattice 
mismatch between InSb and other III-V semiconductors, making high 
quality strain-free 2D InSb difficult to achieve. The nanoflakes grown 
with the new platform shown here can overcome this issue. There are 
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also other ways to grow InSb 2D nanoflakes, for example by 
homoepitaxy on InSb substrates.16 To use these InSb structures as a 
basis for quantum devices, the creation of hybrid heterostructures and 
the growth of networks are critical. These two parts will be discussed 
in more detail. 

4.4.  Semiconductor-superconductor hybrids 

In Sb nanowires have been used in the past in combination with 
NbTiN as a superconducting layer to show the first signatures of 
Majorana zero modes.1 The nanowires were deposited on a transport 
chip and the superconducting contacts were lithographically defined, 
after which the nanowire surface was etched to remove surface oxides 
before evaporation of the superconducting contact. This methodology 
caused a rough interface between the semiconductor and the 
superconductor. To reduce surface states, and improve the quality of 
semi-/superconductor interface, the trenches platform can be used to 
perform in-situ directional deposition of superconductors by using MBE 
(see Chapter 3.2), allowing for higher quality and more complicated 
hybrid structures for topological quantum experiments. An example of 
such a structure is based on the principle of shadow deposition of 
superconductors on wires grown with an offset (Figure 4.6a). After the 
InSb nanostructures are grown on a trenches substrate with an offset 
between opposing nanowires as shown in Figure 4.6a and Figure 4.6b, 
the sample is taken from the MOVPE, mounted on a holder, and loaded 
into a molecular beam epitaxy (MBE) machine. The sample is degassed 
and then hydrogen cleaned to gently remove any surface oxides from 
the nanowire side facets. Next, the holder is loaded into a small MBE 
chamber on a manipulator that is cooled down to -166 0C by using liquid 
nitrogen. The low temperature on the manipulator is crucial during the 
aluminium deposition to ensure a smooth layer. At higher temperatures, 
the aluminium atoms are more mobile and diffuse over the nanowire 
surface, forming separate islands. The aluminium is evaporated along 
the direction of the trench at an angle between 25 and 45 degrees to the 
normal of the substrate, with a deposition rate of 5.5 Å/min, creating a 
10 nm thick layer. Finally, the sample is moved to the load lock and 
exposed to an O2/N2 20/80 percent mixture for 10 minutes, to create a 
self-terminating AlOx shell around the Al.8 Several nanowires from a 
design like in Figure 4.6a and Figure 4.6b are transferred to a TEM-grid 
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to analyse in a transmission electron microscope (TEM). The results are 
shown in Figure 4.7. 

 

Figure 4.7 | Transmission electron microscope analysis of a shadowed InSb 
nanowire 
a: High-angle annular dark field scanning transmission electron microscopy 
(HAADF STEM) image of an InSb nanowire (white) with a shadowed 10 nm 
thick aluminium layer (light grey on the left of the wire). b: Energy dispersive 
x-ray spectroscopy (EDX) elemental mapping of the aluminium layer (green) 
deposited on the nanowire with a well-defined shadow region visible. c: 
elemental mapping of the indium content in the nanowire. d: overlay of (b) and 
(c), showing the aluminium on the left side of the nanowire. All scale bars are 
100 nm. 

The HAADF STEM image in combination with the EDX data in 
Figure 4.7 shows the Al-InSb nanowire with a metallic aluminium layer 
on the left side of the nanowire and an inclined shadow region. This 
inclination is the result of the 107 degree angle between two <111>B 
grown InSb nanowires. The EDX results show that the shadowed area 
is free from any aluminium and the width of about 100 nm can be 
attributed to the diameter of the InSb nanowire that was used as the 
shadow object.  
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The result of a more complicated design, with two shadowing 
wires in front of a nanowire can be seen in Figure 4.8, resulting in three 
distinctive islands of aluminium on the nanowire, which can be used to 
perform superconducting island experiments. 

 

Figure 4.8 | Energy dispersive x-ray spectroscopy of a double shadowed InSb 
nanowire 
a: Energy dispersive x-ray spectroscopy (EDX) element mapping of the 
aluminium deposited on an InSb nanowire, with two well-defined shadow 
regions. b: Overlay of the elemental mappings of the aluminium layer and the 
indium of the nanowire. Scale bars are 300 nm. 

The interface quality between the InSb nanowire and aluminium 
layer can be visualized using high-resolution transmission electron 
microscopy (HRTEM). Figure 4.9 shows a side-view image with the 
InSb-Al-AlOx stack (left-to-right) with the rows of InSb atoms clearly 
visible. The aluminium layer is formed from crystal grains with 
different orientations. In this example the grain on the top of the image 
is within the same zone-axis as the nanowire, revealing the crystal 
planes of the grain, indicating an epitaxial relation between the 
nanowire and the aluminium with an oxide-free interface and no 
interface roughness. The AlOx is an amorphous layer that passivates 
the aluminium and prevents it from further oxidation. 
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Figure 4.9 | TEM image of an InSb nanowire with epitaxial aluminium 
High resolution transmission electron microscopy image (HRTEM) of an InSb 
nanowire with a 5-nanometre thick epitaxial aluminium layer on top. The 
aluminium is passivated by oxidation of the aluminium at low temperatures, 
forming a self-terminating AlOx layer. Scale bar is 5 nanometres. 

4.5.  Scalability 

In an effort to make larger InSb nanowire networks, several 
complications are inherent to the method described in Section 4.2. First, 
there is a minimum distance required between the trenches to avoid 
them from merging during the trench etch step, implying a minimum 
distance between consecutive nanowires in a larger network. Second, 
the InP stems evaporate during the subsequent growth of the InSb 
nanowires due to the higher growth temperature required for InSb 
growth, which limits the maximum growth time for the nanowires and 
therefore inherently limits the size of the nanowire network.  

By growing thicker and shorter InP stems of around 200 
nanometres, the evaporation of the stems can be slowed down, allowing 
for the largest VLS grown InSb nanowire network to date, a three-by-
three network as depicted in the SEM image in Figure 4.10. This is large 
enough for developing a single qubit device, which would require at 
least a two-by-three nanowire network. 
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Figure 4.10 | Three by Three InSb nanowire network 
Scanning electron microscope image of a three by three InSb nanowire 
network, showing the most complicated InSb nanowire network to date based 
on the vapor-liquid-solid (VLS) method. Scale bar is 1 µm. 

Although this technique provides the highest quality InSb 
nanowires to date, it is not a scalable technique. The yield of these 
structures is unfortunately very low, since with every nanowire added 
to the structure, the probability of every nanowire growing and every 
junction merging properly is decreased. The maximum size of the 
network is also limited because of the evaporation of the InP stems. 
Even if there is a solution to this (for example begin able to grow without 
stems), the junction that merges first would grow thicker than the 
junction that merges last. In a larger network, this can become more 
apparent and loose the 1-dimensional confinement locally. Perhaps the 
biggest drawback is that every structure needs to be manually selected, 
picked up and deposited on a device substrate before any meaningful 
experiments can be done, making this a non-scalable process. 

4.6.  Conclusion 

VLS grown InSb nanowires are promising candidates for 
topological quantum computational devices. This requires more than 
just single nanowires. The growth of networks can be achieved by using 
trenched InP (100) substrates. These trenches can be etched using HCl 
gas phase etching using an MOVPE reactor. This allows for precise 
control of the trench width, and thus the positioning of the gold droplets. 
This platform can be used to shadow deposit aluminium 
superconductor on the nanowires with clean and high-quality 
junctions, which have shown the first hard superconducting gap in InSb 
nanowires. Networks can be made by growing nanowires from 
different trenches towards each other and let them merge, which was 
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achieved up to three by three nanowires, but with a very low yield, 
making this platform unsuitable for scalable quantum devices.  

4.7.  Appendix 

4.7.1.  Substrate processing 

An InP (100) undoped 2-inch single-side polished wafer is used as the 
substrate for developing trenches. The process consists of three parts: 
making etched markers, creating the trenches, and deposition of the 
gold droplets. 

Marker etching 

- Mask: A SixNy mask of around 100 nm is deposited using plasma 
enhanced chemical vapor deposition (PECVD, Oxford 
Instruments PlasmaLab system 100). 

- Resist: A layer of ZEP520A resist is spun at 2700 RPM for 60 
seconds and consecutively baked starting at 100 0C, linearly 
increased to 200 0C over a 15-minute period. 

- Lithography: Markers of 20 by 20 µm2 are exposed using an 
electron beam lithography (EBL) tool (Raith EBPG5150). 

- Developing resist: Dip the wafer in n-amylacetate for 1 minute, 
then rinse in a Methyl-iso-butylketon: isopropanol (MIBK:IPA 
89:11) mixture for 45 seconds, and finally a rinse in IPA for 1 
minute. Blow-dry with N2. 

- Mask etching: Etching SixNy using reactive ion etching with a 
CHF3:O2 mixture for 1 minute 15 seconds (Oxford Instruments 
PlasmaLab system 100 RIE). 

- Remove resist: oxygen plasma clean with an Oxford instruments 
PlasmaLab system 100 (RIE), 15 mT, 50W, 20 sccm O2, 5 minutes. 

- Etch markers into substrate: inductively coupled plasma etch 
(ICP) with an Oxford Instruments PlasmaLab system 100 
modular cluster system ICP 180, in an etch/descum cycling 
fashion for 30 cycles. Parameters: Etch: t: 60s, T = 60 °C, p= 6 
mtorr, RF substrate bias power: 110 W, ICP: 200 W, CH4: 30 sccm, 
H2: 10 sccm; Descum t: 16 s, T = 60 °C, p = 18 mtorr, RF: 110 W, ICP: 
200 W, O2: 40 sccm. 

- Cleaning after ICP etch: oxygen plasma clean with an Oxford 
instruments PlasmaLab system 100 (RIE), 15 mT, 50 W, 20 sccm 
O2, 5 minutes.  
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Trenches 

- Remove mask: Dip wafer in buffered HF 7:1 for 3 minutes to 
remove the SixNy mask from the markers step. Water rinse until 
bath resistance is > 9 MΩ. Blow-dry with N2. 

- Surface treatment: Dip wafer in H2O:H3PO4 10:1 for 3 minutes, rinse 
in water (water resistance > 8 MΩ). Blow-dry with N2. 

- Mask deposition: Deposit 20 nm of SiOx using PECVD (Oxford 
instruments PlasmaLab system 100), time: 41 seconds. 

- Resist: Spin ZEP520A at 5000 RPM for 30 seconds, then bake for 
15 minutes from 125 0C to 200 0C. 

- Lithography: Write trenches using EBL (Raith EBPG5150). 
- Develop resist: 1 minute n-amyl acetate, 45 seconds Methyl-iso-

butylketon: isopropanol (MIBK:IPA 89:11), 1 minute isopropanol, 
blow-dry with N2. 

- Etch mask: reactive ion etching using pure CHF3 for 3 minutes 30 
seconds. 

- Resist removal: Oxygen plasma treatment with Oxford 
instruments PlasmaLab system 100 (RIE), 15 mT, 50W, 20 sccm 
O2, 5 minutes. 

- Surface treatment: Dip wafer in H2O:H3PO4 10:1 for 3 minutes, rinse 
in water (water resistance > 8 MΩ). Blow-dry with N2. 

- Etch the trenches: Load wafer in MOVPE, run recipe. Heat-up and 
anneal sample at 650 0C for 10 minutes, PH3 flow 55 sccm. 
Cooldown to 635 0C for etching. Etch for 5 minutes 30 seconds 
with PH3 flow 20 sccm and HCl flow 2 sccm. The final etching 
time depends on the designed and desired trench width. Cool 
down under PH3 flow 55 sccm. 

Gold dots 

- Mask removal: BHF 7:1 for 3 minutes, water rinse (> 8 MΩ 
resistance), blow-dry with N2. 

- Surface treatment: H2O:H3PO4 10:1 for 3 minutes, water rinse (> 8 
MΩ resistance), blow-dry with N2. 

- Mask: 10 nm SixNy deposition (42 seconds) using PECVD (Oxford 
Instruments PlasmaLab system 100). 

- Resist: Spin adhesion promoter AR 300-80 at 4000 RPM for 60 
seconds, bake at 180 0C for 2 minutes. Spin resist CSAR AR-P 
6200.04 at 4000 RPM for 60 seconds, bake at 150 0C for 2 minutes. 
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- Lithography: Write dots on sides of trenches using EBL (Raith 
EBPG5150). 

- Develop: CSAR developer AR 600-546 for 1 minute followed by 
isopropanol rinse for 1 minute.  

- Etch mask: etch SixNy mask for 16 seconds using BHF 7:1, rinse 
with water (> 8 MΩ resistance), blow-dry with N2. 

- Gold deposition: Evaporate 8 nm of gold using e-beam 
evaporation at 1 Å/s.  

- Lift-off: lift-off using PRS3000 overnight (>8 hours). Rinse in 
isopropanol. Blow-dry with N2. 

4.7.2. Nanowire growth 

After the substrate processing is complete, the nanowires can be 
grown using MOVPE. This consists of two parts: growth of the InP stems 
and growth of the InSb nanowires. The general growth scheme is the 
same for both steps. 

The InP stems are grown by loading the sample into the MOVPE 
reactor, heating up to 510 0C and anneal for 5 minutes under 55 sccm of 
PH3. The reactor is then cooled to 450 0C and InP stems are grown for 14 
minutes with flows of TMIn 8 sccm, PH3 36 sccm and HCl 5.6 sccm. The 
sample is cooled down under 55 sccm of PH3. 

InSb nanowires are grown with the following recipe: Heat up to 
495 0C under AsH3 26 sccm. Turn off AsH3 and turn on TMIn at 30 sccm 
for 30 seconds. Turn off TMIn for 2 minutes. Grow InSb at 495 0C with 
TMIn flow 30 sccm, TMSb flow 8.3 sccm for 32 minutes. Cool down 
under TMSb flow 30 sccm. 

4.7.3. Superconductor deposition 

When the nanowires are grown, the samples are mounted on a 
tantalum holder using gallium as bonding agent. The samples are 
loaded into the MBE system and degassed at 350 0C for 2 hours. Next, the 
sample is loaded into an MBE chamber for hydrogen cleaning. 
Hydrogen cleaning is done at 400 0C for 20 minutes at a chamber 
pressure of 1.5 x 10-5 mbar and a H2 flow of 20 sccm under continuous 
rotation of a downward facing sample. The holder is cooled in the 
chamber until the pressure is in the 10-9 mbar range and the holder 
temperature is below 120 0C. The holder is unloaded to the transfer tube 
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and cooled down to room temperature. For the metal deposition, the 
sample holder is loaded into the MBE chamber on a manipulator that is 
cooled using liquid nitrogen (LN2). The holder is cooled for 2 hours to 
reach a temperature of -165 0C. The aluminum cell is heated up to 1040 
0C to reach a deposition rate of 5.5 Å/min and a 15 nm thick layer of Al 
is deposited. After deposition, the sample is transferred to the MBE load 
lock as soon as possible (generally under 10 minutes) and exposed to an 
O2:N2 2:8 mixture for 10 minutes at a pressure in the 10-3 mbar range. 
Finally, the sample is warmed up to room temperature before unloading. 
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Abstract  

Strong spin-orbit semiconductor nanowires coupled to a 
superconductor are predicted to host Majorana zero modes. Exchange 
(braiding) operations of Majorana modes form the logical gates of a 
topological quantum computer and require a network of nanowires. 
Here, we utilize an in-plane selective-area growth technique for InSb-Al 
semiconductor-superconductor nanowire networks. Transport 
channels, free from extended defects, in InSb nanowire networks are 
realized on insulating, but heavily mismatched InP (111)B substrates by 
full relaxation of the lattice mismatch at the nanowire/substrate 
interface and nucleation of a complete network from a single nucleation 
site by optimizing the surface diffusion length of the adatoms. Essential 
quantum transport phenomena for topological quantum computing are 
demonstrated in these structures including phase coherence lengths 
exceeding several micrometres with Aharonov-Bohm oscillations up to 
five harmonics and a hard superconducting gap accompanied by 2e-
periodic Coulomb oscillations with an Al-based Cooper pair island 
integrated in the nanowire network. 

5.1.  Introduction 

Indium-antimonide (InSb) and indium-arsenide (InAs) 
nanowires are promising candidates for realizing Majorana-based 
topological quantum computers.1 InSb, in particular, is interesting for its 
high electron mobility, strong spin-orbit coupling and large Landé g-
factor.2-5 Over the past years, extensive efforts have been made to 
improve the quality of InSb nanowires, grown by the vapor-liquid-solid 
(VLS) mechanism.6,7 A major achievement is the clean and epitaxial 
semiconductor-superconductor interface relying on in-situ metal 
evaporation and complex substrate processing.8,9 This has been critical 
for showing the first quantized conductance of Majorana zero-modes, a 
milestone towards  braiding experiments.10 To braid these Majorana 
states, scalable nanowire networks with a high degree of 
interconnectivity are required.11 Recently, out-of-plane growth of InSb 
nanowire networks has been demonstrated by merging multiple wires 
during VLS growth. Phase-coherent and ballistic transport have been 
observed, demonstrating the high quality of these network structures.8,12 
This technique, however, requires predefined positioning of the 
nanowires with nanometre accuracy in order to form networks, leading 
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to a drastic decrease in yield with increasing network complexity. 
Moreover, merging of VLS nanowires inevitably forms a widening of the 
nanowire diameter at and around the junction with a 75% chance of a 
defect forming at the junction, which negatively affects the one-
dimensionality of the system.8 

A more scalable approach, would be to use an in-plane selective-
area growth (SAG) technique (i.e. parallel to the substrate surface), that 
relies on a template or mask to selectively grow one semiconductor 
material on top of another.13-19 This technique has several advantages 
over out-of-plane growth. First, the flexibility of network designs is 
significantly enhanced, as the preferred design can be written and 
etched directly into a mask enabling complex structures. Second, the 
growth can be confined within the mask, keeping the entire structure 
one-dimensional with an easily controllable and constant cross-section 
size. Finally, the technique excels in scalability, readily allowing for the 
growth of complex structures suggested for Majorana braiding 
experiments in a variety of theoretical proposals.11,20,21 The large lattice 
mismatch between InSb and any other III-V semiconductor substrate 
material,22 however, poses an important challenge making it difficult to 
grow defect-free InSb nanowires on large-bandgap or insulating 
substrates. Furthermore, the disorder created by the lattice mismatch 
can be detrimental to the topological protection of Majorana states.23 
Most of the previous SAG studies have focused on an InAs-based 
material system for nanowire networks,14-17,19 which has a smaller 
lattice mismatch with InP or GaAs substrates. InSb nanowires have 
been grown by SAG using molecular beam epitaxy (MBE).18,24 Here, we 
demonstrate an in-plane SAG technique for scalable and high quality 
InSb nanowire networks, which shows all the relevant quantum 
transport properties (e.g. long coherence length and excellent induced 
superconducting properties) necessary for topological qubits. 
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5.2. Growth of in-plane Selective Area InSb networks 

In this study we use InP as a substrate because it has a type I 
band alignment with InSb and becomes semi-insulating at low 
temperatures (see Figure 2.5). The large band gap of 1.34 eV compared 
to 0.17 eV of InSb ensures good confinement.25 The lattice mismatch 
between these materials is 10.4 %, making large scale defect-free growth 
of InSb a challenge.26 It is important to have defect-free single-
crystalline material to obtain a high carrier mobility by reducing 
electron scattering.27 On a (100) substrate, many stacking faults are 
expected to form inclined to the substrate (along the {111} planes) to relax 
the lattice strain.13 To avoid the formation of these inclined defects, we 
use InP (111)B as growth substrate. We will show that strain from the 
lattice mismatch is relieved directly at the substrate/nanowire 
interface. Moreover, atomically flat twin planes can form parallel to the 
substrate, above which the nanowires grow without extended defects, 
separating the mismatch-induced disorder from the nanowire top part. 
On a (111)B substrate, growth nuclei with an odd and even number of 
horizontal twins will have a 180º-rotated crystallographic orientation 
with respect to each other. When these nuclei merge by lateral growth, 
an inclined defect is formed at the interface; details of the atomic 
structure of such a defect can be found in Figure 5.10. These defects may 
act as scattering sites for electrons and can be found in many reported 
SAG studies.13,17,19,27 Therefore, it is important to enable growth of a 
complete, in-plane network structure from a single nucleation site, 
which is difficult to achieve for MBE grown InSb.18,24 For this, a large 
surface diffusion length of the precursor material is required as well as 
a low nucleation probability. Here, we show that metalorganic vapour-
phase epitaxy (MOVPE) grown InSb in-plane selective area networks 
(InSANe) can indeed generate complicated 1D networks from a single 
nucleation site. 

First, the desired structures are etched into a 20-nm-thick SixNy 
mask (see Section 5.6.1), aligned to four different crystal directions, the 
[-211], [-101], [-1-12] and [0-11], on an InP (111)B substrate (see Figure 5.1a).  
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Figure 5.1 | Controlled growth of in-plane selective area InSb networks  
a: The four growth directions on a (111)B substrate suitable for in-plane 
nanowire growth. b: Time evolution for growth of an in-plane InSb (red) 
nanowire network on an InP (111)B substrate (grey) with a 20 nm thick SixNy 
mask (light blue) for selectivity. The growth fronts remain the same during the 
growth of the network. Schematics of the cross-sections below show the 
relative height of the InSb compared to the height of the mask. The network 
grows much faster in the in-plane direction than the out-of-plane direction (see 
also Figure 5.12). c: SEM image of the in-plane InSb nanowires controllably 
grown in the <112> and the <110> families of crystal directions. Scale bar is 1 µm. 
d: Zoom-in on the corners of the structure in (c). Scale bar is 50 nm. The {110} 
facets that form the growth fronts are still visible at these edges. 

These four orientations are all three-fold symmetric, such that 
networks can be grown with angles of 30, 60 and 90 degrees between 
two nanowires as shown in Figure 5.2. 
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Figure 5.2 | Sensitivity to crystal directions 
In-plane InSb nanowires can be grown in specific crystal directions, namely 
the <112> and the <110> families of directions. In order to create in-plane 
networks, mask openings must be in any combination of these directions. a: 
Crystal directions on a (111)B substrate showing the first quadrant of <112> and 
<110> directions. Combinations can be made with <112> and <110> directions in 
either 90 degrees (b) or 30 degrees (c). under 60 degrees angles combinations of 
<112> directions (d) or <110> directions (e) can be defined. Scale bars in the SEM 
images b-e are 500 nm.   

The growth starts by forming a nucleus in one of the lines, which 
develops into an InSb island over time (Figure 5.1b and Figure 5.11). All 
nuclei are terminated with a {111}B top facet and {110} side facets (Figure 
5.1b), regardless of the line orientation, implying that surface growth 
kinetics, the families of most stable available side facets and lateral 
growth rates are identical for all <110> and <112> growth directions. For 
longer growth times, the growth continues, starting from this single 
nucleus, in the lateral direction following the mask opening by growing 
{110} facets, as evidenced by atomic force microscopy (AFM) and 
transmission electron microscopy (TEM). When the structure is fully 
grown in the in-plane direction, the growth continues in the vertical 
<111>B direction. The height of the InSb network can be precisely tuned 
by the growth time (see Figure 5.12). Under ideal conditions, a yield (i.e., 
fully filled pattern without overgrowth in corners or parasitic growth) 
of up to 80% can be achieved for structures several microns in length 
(see Figure 5.13). When the InSb grows higher than the mask, it also 
starts to expand in the lateral direction, especially at acute corners of 
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the structure (Figure 5.12 and Figure 5.14), which is not ideal for 
transport measurements as the one-dimensional confinement is lost. 
An example of a network is shown in Figure 5.1c (and Figure 5.15), 
whose structure corresponds to the proposed geometry of a four-
topological-qubit device.20 The {110} planes of the original growth fronts 
are visible on the convex corners of this structure (Figure 5.1d). These 
facets do not form on the concave corners due to the connection with 
another branch of the network (Figure 5.14). Our platform provides 
freedom of design and scalability for a plethora of device structures as 
demonstrated in Figure 5.3.  

 

Figure 5.3 | Scalability of In-plane Selective Area Networks of InSb nanowires 
a-d: To demonstrate the scalability of this growth technique, different network 
designs in different sizes have been grown on the same substrate in the same 
growth run. All scalebars are the same size and represent 1 µm, showing that 
networks ranging from 200 nm by 200 nm loops (a), up to 11 µm by 11 µm 
hashtag networks (d) can be grown at the same time, independent of crystal 
direction, given that the mask is opened in <112> and/or <110> crystal directions.  

In order to minimize the formation of inclined defects, the 
number of nucleation sites in the mask openings per unit length (n) is 
investigated as a function of the input V/III ratio of the Tri-Methyl-
Indium (TMIn) and Tri-Methyl-Antimony (TMSb) precursors. For this 
purpose, InSb is grown for a short time (1 minute) to observe the early 
stages of nucleation and understand the nucleation probability as a 
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function of V/III ratio. n is determined for growth in the <112> and <110> 
oriented trenches for different V/III ratios (Figure 5.4).  

 

Figure 5.4 | Effect of V/III ratio on nucleation of InSb on InP (111)B 
a: The average number of nucleation points n per micrometre trench length as 
a function of the V/III ratio during the growth for different crystal directions of 
the mask openings ([110] and [112]). The datapoint averages are gathered by 
analysing 500 µm length of mask opening (10 lines, each 50 µm long) and error 
bars represent the standard deviation. Inset: Logarithmic plot of the data up to 
a V/III ratio of 20,000. b, c: Top-view scanning electron microscopy (SEM) 
images showing the different morphologies of, and distance between, InSb 
islands for low (b) and high (c) V/III ratios. Scale bar in b, c is 200 nm. 

Datapoints are averages of ten 40 nm wide and 50 µm long lines 
on each sample. The results show a clear decrease of n, and thus an 
increase of the diffusion length of the adatoms on the InP surface, with 
increasing V/III ratio. At the highest TMSb pressures, the nucleation of 
InSb islands is completely inhibited. The inset in Figure 5.4a is a 
logarithmic plot of the same data up to a V/III ratio of 20,000, showing a 
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decrease of n with increasing V/III ratio. We note that there is no 
parasitic growth on the mask under any of these conditions. The red-
circle and black-square (blue and green triangle) data points are all 
taken with the same TMSb (TMIn) partial pressure and varying TMIn 
(TMSb) partial pressure, respectively. Figure 5.4a shows that these 
datapoints all follow the same trend, implying that it is the ratio rather 
than the absolute value of the flow that influences the nucleation of the 
InSb on the InP in the studied range. Figure 5.4b shows a scanning 
electron microscopy (SEM) image of nuclei grown using a low V/III 
ratio. The InSb islands are only tens of nanometres long and 
approximately 20 nm wide. Figure 5.4c shows an SEM image of a 
representative nucleus grown with a very high V/III ratio. Here, the InSb 
island is much longer (300 nm) and less than 20 nm high. The time 
series in Figure 5.12 shows that the InSb structures nucleate from a 
single site and over time, during growth under the same growth 
conditions, no new nucleation sites appear as all grown segments in a 
single structure are connected at all times. From these results, we 
conclude that Sb changes the surface energy on the InP substrate and 
enhances the surface diffusion of the In precursor material.28 For the 
growth of large networks, a high V/III ratio is thus beneficial to have a 
minimum number of nucleation events. By integrating over the total 
volume of all nuclei in a 50 µm long line structure, we find that the 
lateral growth rate is determined by the TMIn flux (with higher flux 
giving faster growth rates) and the V/III ratio (with higher V/III ratio 
giving slower growth rates). The largest single-crystalline networks we 
have fabricated with our method have a wire diameter of around 60 nm 
with lengths of up to 11 µm (see Figure 5.3d). 

5.3. Physical characterization 

The structural quality of the in-plane wires has been 
investigated by transmission electron microscopy (TEM). Focused Ion 
Beam (FIB) sample preparation was used to cut out cross-sections 
parallel and perpendicular to the long axis of in-plane [-211] and [0-11] 
oriented nanowires. Figure 5.5a shows a cross-sectional view of a 
nanowire grown along the [-211] direction.  
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Figure 5.5 | Crystal quality analysis of InSb nanowires and the InSb/InP 
interface  
a: Cross-section HAADF-STEM image of an In-plane Selective Area (InSANe) 
InSb nanowire grown and imaged along the [-211] direction. Scale bar is 20 nm. 
b: Energy-Dispersive X-Ray spectroscopy (EDX) map of (a) with P (grey), Sb (red) 
and Si (light blue) depicted showing the InSb nanowire, the InP substrate,  the 
SixNy mask and the SiOx deposited in the FIB as a protective layer. The top of 
the mask is indicated by a white dash on the right. Scale bar is 20 nm. c: Zoom-
in on the InSb/InP interface in (a) (blue square) focusing on the atomic columns 
using an Inverse Fast Fourier Transform procedure filtered for the (110) 
periodicity. Scale bar is 1 nm. The vertical lines represent the columns of atoms 
which, at the interface of InSb/InP, show misfit dislocations, encircled in red. 
Counting the ratio of InSb columns and InP columns gives a lattice mismatch 
of 10.34%. d: Fast-Fourier Transform images of the InSb nanowire (a, green), the 
InSb/InP interface (a, blue) and the InP substrate (a, purple), demonstrating that 
the InSb and InP regions are both single-crystalline. The Fast Fourier 
Transform (FFT) of the InSb/InP interface region shows double spots 
indicating an epitaxial relation and two different unit cell parameters. e: Cross-
section HAADF-STEM image of an InSANe InSb nanowire grown and imaged 
along the [0-11] direction. Scale bar is 20 nm. f: Zoom-in of (e) where a pair of 
horizontal twin planes can be observed a few nanometres above the InP/InSb 
interface. Scale bar is 5 nm. g: Bright Field TEM image of a sample cut along a 
<112> direction grown wire, looking in the perpendicular <110> zone axis. A few 
nanometres above the InP/InSb interface, a horizontal twin plane can be 
observed along the entire observed length of the wire, indicated here by a red 
arrow. Scale bar is 20 nm. 
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The Energy-Dispersive X-Ray spectroscopy (EDX) elemental 
mapping (Figure 5.5b) shows the InP substrate (grey) with the InSb 
nanowire (red) grown slightly higher than the SixNy mask (light blue, 
top indicated by a white dash on the right). An Inverse Fast Fourier 
Transform (IFFT) of a zoom-in on the InSb/InP interface (Figure 5.5c) 
shows misfit dislocations (Section 0-1) and their confinement to the 
interface between the two materials. This real space image was 
constructed by filtering for the (110) periodicity in the Fast Fourier 
Transform (FFT) pattern of a high-resolution scanning TEM (STEM) 
image and subsequently creating an Inverse FFT image. In this image, 
the ratio of the number of InP/InSb atomic planes is 96/87 = 1.1034. The 
10.34 % decrease in vertical lattice planes is in good agreement with the 
reported value of a 10.4 % lattice mismatch between InSb and InP,4 
indicating that the heterostructure is fully relaxed (inelastically) at the 
interface in the lateral direction. Here, it should be mentioned that when 
imaging orthogonally to this crystal direction the InP/InSb interface 
cannot be imaged accurately due to the slight recess of the wire into the 
substrate. A resulting TEM sample would have to be thinner than the 
line width of 20 nm and should only contain the InSb line itself to avoid 
the superposition of the InSb line and the substrate adjacent to it. It is 
virtually impossible to create such a TEM sample. Most likely, along the 
long axis, misfit dislocation planes will also be present with the 
dislocation lines located at the interface, as we do not see vertically 
extending defects orthogonal to the long axis of the wires in TEM 
studies. An FFT of the InSb, the InSb/InP interface and the InP regions 
of the high-resolution STEM image (Figure 5.5d in green, blue and 
purple box, respectively) show that the InSb and the InP are both single-
crystalline while the FFT pattern of the interface region displays a 
combination of two single-crystalline patterns with a different lattice 
constant indicating that the materials are epitaxially related and fully 
relaxed. To visualize the presence of horizontal twin planes (Section 0-
4) in the InSb structures, we investigate a cross-section of a nanowire 
grown along the <110> direction (Figure 5.5e). A zoom-in on the bottom 
part (Figure 5.5f) reveals a set of two twin boundaries a few nanometres 
above the InP/InSb interface (Figure 5.5g). Horizontal twin planes have 
in total been observed in 12 out of 17 TEM samples (6 in perpendicular 
cuts of <110> grown wires and 6 in parallel cuts of <112> grown wires, the 
other 5 TEM samples did not show horizontal twin planes). The twin 
planes are always located within a few nanometres above the InSb/InP 
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interface and a single-crystalline InSb transport channel always forms 
above the horizontal twin. Once a twin plane is formed in a nucleus it 
will be extended into the rest of the network by lateral growth. We note 
that antiphase boundaries (Section 0-2) and inclined twin planes 
(Section 0-3) are absent in these structures. The complete relaxation of 
lattice strain at the nanowire/substrate interface (bottom part) followed 
by horizontal twin planes helps to separate the electron wavefunctions 
in the active region of the device from the interface disorder.29 This 
effect allows us to fabricate in-plane InSb nanowires on InP that can 
have quantum transport properties comparable to free-standing 
structures as demonstrated by the high quality quantum transport in 
the next section.  

The next important step is to introduce superconductivity in the 
InSb InSANe system. In order to form superconducting contacts for the 
creation of Majorana zero modes, the InSANe InSb samples, after 
growth, are transferred from an MOVPE to an MBE system. Here, the 
surface oxides are removed using atomic-hydrogen cleaning under 
(ultra-high vacuum) UHV conditions followed by 7 nm aluminium 
deposition at a sample temperature of around 120 K, leading to a clean 
and smooth InSb-Al interface as shown in Figure 5.6.8 More details on 
the deposition process can be found in Chapter 3.2. 
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Figure 5.6 | Al interface in the InSANe InSb-Al hybrid system 
a: Cross-section bright field TEM image of four InSANe InSb nanowires grown 
on top of an InP (111)B substrate. Scale bar is 100 nm. b: HAADF-STEM zoom-in 
of the red area in (a), showing the InSb nanowire top edge with a 5 nm Al layer 
deposited on the wire. Energy-Dispersive X-Ray spectroscopy (EDX) analysis of 
the area in (b) shows the Sb (c, red), Al (d, green) and O (e, yellow) in the InSb-
Al hybrid network, depicting an oxide free InSb-Al interface. Scale bar is 10 nm. 
f: A zoom-in on the interface in (b) shows the clean and smooth interface 
between the InSb wire and the Al. The crystal lattices of two separate Al grains 
can be identified in the image, showing the high quality of the Al layer. Scale 
bar is 5 nm. 
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5.4. Quantum transport 

We now turn to the quantum transport properties of our InSb 
InSANe system to demonstrate its feasibility for topological quantum 
information processing. The key ingredient in the measurement-based 
gate operation and topological qubit readout is the phase coherence, 
which can be revealed by the Aharonov-Bohm (AB) effect.11,20 The 
magneto-conductance in Figure 5.7a reveals the AB oscillations in a 
fabricated InSANe device shown in the inset of Figure 5.7b.  

 
Figure 5.7 | Aharonov-Bohm and weak-anti-localization effects in InSANe 
nanowire loops 
a: Magneto-conductance of device A shows Aharonov-Bohm (AB) oscillations 
with a period of ~ 2 mT. b: Fast Fourier Transform (FFT) spectrum of the AB 
oscillations from device A, indicating the frequency peaks up to the 3rd order 
harmonic. Inset, false-colour scanning electron microscopy (SEM) image of the 
device. An InSb nanowire loop (red) is in contact with normal metal electrodes 
Cr/Au (yellow) with an out-of-plane magnetic field and a fridge temperature of 
20 mK.  The device has a global top gate that is not shown in the SEM image. 
Scale bar is 1 µm. The measured AB period matches the loop area of ~ 2 µm2. c: 
Magneto-conductance of device B shows a larger AB period and oscillation 
amplitude (~0.6 e2/h), due to its smaller loop area compared to device A. The 
arrows indicate oscillations due to higher AB harmonics. d: FFT spectrum of 
device B (SEM in inset with scale bar 1 µm) showing up to five harmonic peaks. 
e: Magneto-conductance of device B (ensemble averaged) shows a sharp weak 
anti-localization peak at B = 0 T. 
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The oscillation amplitude is ~20 % of e2/h at 20 mK., about an 
order of magnitude larger than for previously reported InSb VLS 
nanowire network structures.8 Therefore, higher harmonics (up to the 
third) in the Fast Fourier Transform (FFT) are observed (Figure 5.7b). 
This means that the electron’s interference due to phase coherence 
remains measurable after circulating through the loop 1.5 times, 
translating to ~9 microns in this device. We note that the precise value 
of the phase coherence length is not crucial, and that a large AB 
amplitude, especially higher orders of AB oscillations, presents the 
qualitative advancement in this work compared to previous studies. A 
second device shows an even larger AB amplitude (~60 % of e2/h in 
Figure 5.7c) and up to 5 harmonics in the FFT spectrum (Figure 5.7d) 
with the SEM image of the device shown in the inset of Figure 5.7d. The 
measured AB period matches the loop area in all measured devices, i.e. 
their periods equal h/ne (for the nth harmonic). This result corroborates 
that the lattice-mismatch-induced disorder at the nanowire-substrate 
interface has negligible effect on the phase coherent transport. Finally, 
we observe a sharp weak anti-localization (WAL) peak in the magneto-
conductance of this device around zero magnetic field (Figure 5.7e), 
indicating the strong spin-orbit nature of the InSb nanowire. Fitting this 
WAL curve requires a new theoretical model applicable for nanowire 
networks, which will be developed in future studies. 

Next, we investigate the InSb-Al InSANe semiconductor-
superconductor system. Since in-situ shadowing methods to selectively 
grow superconductors on these InSb in-plane structures are not yet 
developed, we exploit a reliable selective etching recipe to selectively 
etch Al on InSb. This novel fabrication recipe enables us to define the 
positions of tunnel barriers and the Al film by lithography, facilitating 
flexible device designs. Figure 5.8a shows such a device where part of 
the Al is selectively etched away, and a tunnel gate electrode is added 
to deplete the InSb wire locally. A super-gate is deposited on the 
superconducting region of the nanowire whose cross-section is shown 
in Figure 5.8b.  



 

90 
 

5 

 

Figure 5.8 | Hard gap and 2e-periodic Coulomb blockade in InSANe InSb-Al 
hybrid nanowire devices 
a: False-colour scanning electron microscopy (SEM) of a typical normal-
nanowire-superconductor (N-NW-S) device for illustration purpose, with a 
schematic of the device cross-section (b) at the position indicated by the black 
arrow in (a). The InSb nanowire (red) is covered by a 7 nm thick Al layer (green, 
covered by the etch mask). Part of the Al film on the nanowire is selectively 
etched (see methods) before normal metal electrodes deposition (yellow, Cr/Au) 
and gate-tuneable tunnel barrier. The tunnel- and super-gates are Ti/Au (blue 
and purple, respectively), deposited on top and separated from the wire by a 
SixNy dielectric layer as seen in the cross-section schematic on the right. Scale 
bar is 500 nm. Fridge temperature is 20 mK. c: Differential conductance (dI/dV) 
as a function of bias voltage (V) and super-gate voltage in the tunnelling 
regime, resolving a hard superconducting gap (Δ~250 µeV) with the line-cuts 
(both linear and logarithmic scale) shown in (d) at gate voltage indicated by 
black bar in (c). The sub-gap/above-gap conductance suppression reaches two 
orders of magnitude. e: False-colour SEM of the superconducting island device. 
The Al island on the nanowire is around 1 µm long, with a top plunger gate 
(purple) to tune the electron density, and two tunnel-gates (blue) to control the 
tunnel coupling to the two leads. Scale bar is 500 nm. f: Differential 
conductance of the island device as a function of bias and plunger-gate voltage 
resolving the Coulomb blockade diamonds. The horizontal line-cut at zero bias 
(black curve) shows 2e-periodic Coulomb oscillations where each peak 
corresponds to adding/removing two electrons (one Cooper pair), suggesting 
negligible quasi-particle poisoning. At higher bias voltage where quasi-particle 
can be excited, the Coulomb oscillations become 1e-periodic. g: Magnetic field 
dependence of the Coulomb oscillations at zero bias voltage with the field 
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direction along the wire. The 2e-peaks split into 1e-peaks at around 0.3 Tesla, 
indicating a sub-gap state crosses zero energy. h: even (Se red) and odd (So blue) 
peak spacing extracted from (g), with error bars indicated with shaded areas, 
showing possible Majorana or Andreev oscillations. 

The differential conductance on this normal-nanowire-
superconductor (N-NW-S) device reflects the quasi-particle density-of-
states in the proximitized nanowire segment, i.e. the induced 
superconducting gap as shown in Figure 5.8c with a line-cut in Figure 
5.8d. The sub-gap conductance reaches zero, indicating a hard gap, a 
necessary condition for topological protection. Magnetic field 
dependence of accidental quantum dot levels reveals an effective g-
factor of 18.6 (see Figure 5.16), smaller than the bare InSb g-factor of 
around 50 (see Figure 5.17) but significantly larger than that of Al (|g|=2), 
indicating the wavefunction hybridizes between InSb and Al.29,30 The 
measured hard gap with a gap size close to Al bulk, together with the 
effective g-factor defined by the coupling between Al and InSb, suggest 
that the electron wavefunction is mainly distributed near the top (close 
to Al) where the wire is single-crystalline with no noticeable disorder.31-

33 This again supports that disorder at the InP/InSb interface has a 
negligible effect (see Figure 5.18, a cross-section TEM of a typical 
device). 

Finally, we explore the transport of a hybrid InSb/Al island 
device (Figure 5.8e), with a finite charging energy. The charging energy 
of the hybrid island can mediate the coupling between the two 
Majorana states for qubit operations and readout.11,20,34 If the charging 
energy is less than the superconducting gap, the system ground state 
energetically ‘favours’ an even number of electrons, i.e. all electrons on 
the island form Cooper pairs in the superconducting condensate.35 In 
transport, each Coulomb blockade diamond then corresponds to 2 
electrons (1 Cooper pair), as shown in Figure 5.8f, as well as in Figure 
5.19. The 2e-periodic Coulomb oscillation at zero bias (black curve) 
indicates negligible quasi-particle poisoning. A higher bias voltage can 
excite quasi-particles, resulting in the regular 1e-periodic Coulomb 
oscillations (red curve). Applying a magnetic field along the nanowire 
splits the 2e-peaks into 1e-peaks (Figure 5.8g), with oscillating even/odd 
peak spacing (Figure 5.8h). This 2e to 1e transition might be interpreted 
as the appearance of two Majorana states, which allows the coherent 
‘teleportation’ of a single electron.35 The oscillating peak spacing could 
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be attributed to overlapping Majorana wavefunctions.36 We note that a 
trivial explanation for the 2e to 1e transition based on Andreev-bound 
states cannot be ruled out at this point.37-39  

5.5.  Conclusions 

We have studied the crystal quality, morphology, and growth 
dynamics of in-plane InSb nanowires on InP (111)B substrates. Despite 
the large mismatch between the wires and the substrate, single-
crystalline transport channels, free from extended defects, are formed 
due to immediate strain-relaxation at the nanowire-substrate interface. 
Correspondingly, these in-plane InSb based devices show high-quality 
quantum transport, with long phase coherence length, a hard 
superconducting gap, 2e-Coulomb blockade peaks and possible 
Majorana/Andreev signatures. The quality and scalability of this 
platform can be taken to the next level with the development of a 
technique to selectively deposit superconducting metals, avoiding the 
need to selectively etch material to make transport devices. This will 
allow for more complicated transport experiments, including key 
experiments like correlation and Majorana braiding.40 
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5.6. Appendix 

5.6.1. Substrate fabrication recipe 

An InP (111)B undoped 2-inch single-side polished wafer is used 
as the growth substrate for In-plane Selective Area Network (InSANe) 
InSb nanowires. The step-by-step recipe is as follows: 

- Native oxide removal: Dip wafer in an H2O:H3PO4 solution 
with a 10:1 ratio for 3 minutes and subsequently rinse wafer 
in ultra-pure water until clean (resistance bath >8 MΩ). Blow 
dry with N2 gun. 

- Amorphous mask layer: Deposit a 20 nm thick SixNy using 
plasma enhanced chemical vapor deposition (PeCVD, Oxford 
Instruments PlasmaLab system 100). 

- Resist: Spin ZEP520A+C60 mixture at 2000 RPM for 60 
seconds followed by baking on a hotplate for 15 minutes at 
150 0C. 

- Lithography: Electron beam lithography to write patterns 
(Raith EBPG5150) 

- Developing resist: Dip wafer in n-amyl acetate for 60 seconds 
followed by a Methyl-iso-butylketon: isopropanol (MIBK:IPA 
89:11) mixture for 45 seconds and finally an IPA rinse (around 
1 minute). Blow dry with N2 gun. 

- Mask etching: Etching of the SixNy mask is done by using 
reactive ion etching with pure CHF3 for 1 minute 15 seconds 
(Oxford Instruments PlasmaLab system 100 RIE). 

- Remove resist: Put the wafer in a beaker with PRS3000 
overnight (>8 hours). The next day, put the beaker with 
PRS3000+wafer in an ultrasound bath for a few minutes. 
Then dip the wafer in acetone for ~1 minute and then 
isopropanol for ~1 minute. Blow dry with N2 gun. 

- Removing resist residues: Clean wafer using an oxygen 
plasma treatment. (Oxford Instruments PlasmaLab system 
100 (RIE), 15 mT, 50 W, 20 sccm O2, 5 minutes). 

- Oxide removal just prior to growth: InP surface oxide removal 
by dipping wafer in H2O:H3PO4 10:1 solution for 3 minutes, 
followed by rinsing in a water bath (resistance >8 MΩ). 
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Figure 5.9 | Substrate after processing 
Perspective view schematic of the final substrate after processing with an InP 
(111)B substrate (grey) and a 20 nm thick, selectively etched, amorphous SixNy 
mask on top (light blue). 
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5.6.2. Growth of in-plane InSb networks 

 

Figure 5.10 | Molecular Dynamics simulation on crystal relaxation between 
two twinned regions 
a: Cross-section HAADF-STEM image looking along the <110> zone axis, with a 
twinned region on the right, indicated by the black arrows. Scale bar is 5 nm. 
The twinned region is not present on the left side of the image. In order to 
understand how the twins are connected to the original crystal orientation at 
their lateral boundaries, atomic simulations are performed using the semi-
empirical Vashishta energy potentials for InP, which takes the first- and 
second-nearest neighbours into account. There is no potential available for 
InSb, but there is no general limitation, since we are looking for 
crystallographic ordering, which is the same for both semiconductors. b:  
Crystal cell containing a twinned region (marked in red, starting at the black 
arrows, with the same orientation as in the TEM image) with lateral boundaries 
parallel to the <110> direction prior to molecular dynamics (MD) annealing and 
energy minimization. c: crystal cell after MD annealing and energy 
minimization. 900 extrinsic stacking fault dislocation lines are formed parallel 
to the <1-10> direction (highlighted by red circles in the schematic cross-
section), each composed by two 300 Shockley partial dislocations located in 
consecutive lattice planes. This is the only way a (111) oriented twin in the InSb 
lattice can be terminated and connected to the original crystal orientation, 
without forming amorphous regions at their boundary. It should be noted that 
raising the annealing temperature to 1000 K did not change the final structure 
of the InP cell in (b). In conclusion, twins are always accompanied by 
dislocation lines running along all the <110> directions in the basic (111) plane, 
providing additional relieve of the residual misfit stain. This enables the InSb 
crystal above the twin plane to be completely free of any strain-induced 
defects. 
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Figure 5.11 | Crystal direction dependent grown length of InSb nanowires as a 
function of growth time 
a: Average grown length of InSb in-plane nanowires in 50 µm long openings in 
the mask in the <112> (black squares) and <110> (red circles) crystal directions 
as a function of growth time. In all cases the same temperature of 470 0C and 
V/III ratio of ~8000 is used during growth in the metalorganic vapour-phase 
epitaxy (MOVPE). The error bars are the standard deviation of the average, 
taken over ten lines per datapoint. b: Scanning electron microscopy (SEM) 
image showing two 50 μm long lines (indicated with black arrows) in the <112> 
direction after 35 minutes of growth. Scale bar is 10 µm. A zoom-in is shown in 
(c), clearly showing a grown InSb nanowire (bright white), with at the top and 
bottom of the image a small segment in the mask that is not yet filled by InSb 
growth. Scale bar is 1 µm.  
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Figure 5.12 | Network growth as a function of growth time 
a-f: Scanning electron microscopy (SEM) images of a representative structure 
(out of hundreds of similar structures on the same sample) at different growth 
times under the same growth conditions. Scale bars are 1 µm. The growth starts 
with one nucleation site (a) and starts growing outwards, following the 
openings in the mask (b-d). Note that no new nucleation sites are formed. Once 
the structure is fully filled, it starts to grow only in the vertical direction (e). 
When growth is not stopped in time, the structure starts growing out of and 
over the mask (f).  
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Figure 5.13 | Yield demonstration of well grown structures 
Overview SEM image of a region on the sample containing 10 repetitions of the 
same design, in this case a single qubit structure, labelled (a-j). Scale bars are 1 
µm. As evidenced in (a-j), a yield of up to 80% can be achieved under ideal 
growth conditions. (c) shows a structure where the last part of the bottom arm 
is not fully grown (red dashed line). i: scanning electron microscopy (SEM) 
image of a fully-grown structure with a small particle close to the bottom arm, 
indicated by the red arrow. 

 

 

 

 

 

Figure 5.14 | Influence of extended arms on terminating side facets 
a: Scanning electron microscope image of an InSb nanowire network in a 
single qubit design structure. Scale bar is 1 µm. The terminating {110} side facets 
shown in Figure 5.1 are visible in (b) (red square) and (d) (green square). b: The 
top-right corner of the structure shows the (-1-10) terminating facet. c: The 
cross-junction is missing the (0-1-1) terminating side facet, which is present in 
(d). The extra arm extending down changes the preferred terminating side 
facet here. A sketch is shown for both (c) and (d) to illustrate the difference in 
geometry.  
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Figure 5.15 | Atomic force microscopy analysis of in-plane selective-area InSb 
network 
a: Scanning electron microscopy (SEM) image of a 4-qubit design. b: Atomic 
force microscopy (AFM) height colour map of the same structure as in (a) 
showing the uniform height of the InSb structure. c: Line cut taken through the 
4th line in the [110] direction showing the height relative to the top surface of 
the SixNy mask. The height changes ~1.5 nm over a length of 4 μm, or 1 atomic 
step per 2 μm indicating a layer-by-layer growth on the top (111)B surface of the 
structure. Scale bars are 1 µm. 
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5.6.3. Atomic defect analysis 

Types of possible defects that can be distinguished in selective 
area grown structures: 

1. Misfit dislocations at the interface between the substrate and the wire. 
These arise due to a mismatch in lattice constant of the two materials. 
Their location is confined to the interface. 

2. An antiphase boundary, which is formed if two nuclei, in which one of 
them has a twinned orientation with respect to the (111) B growth 
substrate, merge. This results in a charged plane between the two 
nuclei, leading to detrimental effects on the transport in the channel. 
(The orientation of a possible anti-phase boundary is vertical or 
inclined to the substrate.) 

3. Inclined twin planes (being introduced during growth of a single 
nucleus rather than by the merging of two nuclei). These have been 
shown to increase the resistance of the channel,41 and have been 
observed in literature.13,19 

4. Horizontal twin planes, as observed in our structures, a few nm above 
the substrate/ wire interface. 

In our structures, we observe misfit dislocations at the interface (1.), 
which is unavoidable due to the large lattice mismatch of 10.4 % in our material 
system. Just above the plane with misfits we observe a horizontal twin plane 
(4.) in most of our structures. This twin plane is parallel to the electronic 
transport direction and therefore does not negatively affect the transport 
properties – as a matter of fact, the horizontal twin electrically isolates the 
transport channel from the misfits. The electron wavefunction is located near 
the InSb/Al interface at the top of the wire. This transport channel is free of 
defects since we do not observe defects (2.) and (3.) in our structures. The 
detrimental effects on electronic transport reported in 15 were not observed in 
our structures. The conductance could be effectively pinched off and the charge 
carrier density fully depleted.  

 

  



 

102 
 

5 

5.6.4. Quantum transport data 

 

Figure 5.16 | Extraction of the g-factor in the N-NW-S device 
a: Differential conductance of the N-NW-S device measured as a function of 
bias voltage V and super-gate voltage at different magnetic fields (0.04 T, 0.08 
T and 0.12 T from top to bottom) along the nanowire. Andreev levels 
corresponding to the transitions between the singlet and doublet states 
(indicated with S/D respectively) are observed.42 Note that the Andreev levels 
corresponding to singlet ground states have Zeeman splitting (white arrows). 
b: Line traces from panel (a) at the super-gate voltage of 256 mV (at orange lines 
in a), plus the line trace at the same super-gate voltage at zero magnetic field. 
Offset between lines is 0.04 × 2e2/h. Zeeman splitting is indicated by the dashed 
lines. c: The spacing between the split peaks (black dots) of b (positive side) as 
a function of B. The slope of the linear fit (red line) is used to extract the g-factor. 
The error bars are given by the uncertainty of peak-finding, simply taking the 
bias interval of data. 
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Figure 5.17 | Quantized conductance of an in-plane InSb nanowire 
Upper panel: differential conductance measured as a function of bias voltage V 
and gate voltage at a magnetic field of 5 T perpendicular to the substrate. 
Conductance plateaus are visible, and the plateau of e2/h is indicated with red 
dashed lines. A g-factor of around 57 can be roughly extracted. Lower panel: 
horizontal line cut of the upper panel at V=0. Conductance at e2/h and 2e2/h is 
marked with red dashed lines. We note the plateau quality is expected to be 
worse than VLS InSb nanowires,43 probably due to the facts that 1) the nanowire 
was heavily etched by argon plasma before contact deposition; 2) near the 
pinch-off region, the top gate pushes the electron wavefunction towards the 
nanowire bottom (substrate with large lattice mismatch). Both introduce extra 
disorders which degrade the plateau quality. Inset: SEM image of the quantum 
point contact device. A nanowire segment (red) is contacted by Cr/Au (yellow) 
with 200 nm spacing. Global dielectric and top gate are not shown in this 
image. Scale bar is 500 nm. A minimum smoothing was applied together with 
a series resistance of 2.5 kΩ subtracted following the method in Ref 43. 
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Figure 5.18 | Cross-section TEM images of a N-NW-S device 
a: Scanning electron microscopy (SEM) image of a normal-nanowire-
superconductor (N-NW-S) device. The InSb nanowire (red) is covered by an Al 
layer (green, covered by the etch mask). Contacts are Cr/Au (yellow). The 
tunnel- (blue) and super- (purple) gates are Ti/Au, deposited on top and 
separated from the wire by a SixNy dielectric layer. Scale bar is 500 nm. The area 
indicated with blue dotted lines shows where the TEM specimen is made. b: 
Cross-section HAADF-STEM image of the device. The structures have the same 
colours as those of the corresponding structures in (a), except for the SixNy 
dielectric coloured in green together with Al. Scale bar is 500 nm. c: High-
resolution STEM image of the orange region in (b), showing the structure of the 
super contact. Note that the Cr/Au can contact the nanowire from the facet not 
covered by Al even though the AlOx layer (between Al and Cr) on top of Al is not 
sufficiently removed by a milling process. Scale bar is 5 nm. d: High-resolution 
scanning TEM (STEM) image of the green region in (b), showing the structure 
of the InSb-Al-SixNy dielectric stack. Scale bar is 5 nm. e: High-resolution STEM 
image of the cyan region in (b), showing the structure of the normal contact. 
Note that the milling process before depositing Cr/Au has etched into the InSb 
sufficiently to form an oxygen-free contact interface. Scale bar is 20 nm. 
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Figure 5.19 | Coulomb diamond of InSb-Al island device: transition from 2e-
periodic to 1e-periodic 
Differential conductance as a function of plunger gate VPG and bias voltage V at 
different fixed parallel magnetic fields (from 0 T to 0.45 T, with 0.05 T step). The 
Coulomb diamond is not symmetric due to the asymmetric tunnelling strength 
of the two barriers. The panels below show line cuts at low bias (orange lines) 
and high bias (green lines) with the bias voltage indicated (in units of mV). The 
transition from 2e-periodic to 1e-periodic oscillations can be observed at low 
bias voltages. 
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Abstract 

Semiconductor-superconductor hybrids are commonly used in 
research on topological quantum computation. Traditionally, top-down 
approaches involving dry or wet etching are used to the define the 
device geometry. These often-aggressive processes bear the risk of 
causing damage to material surfaces, giving rise to scattering sites 
particularly problematic for quantum applications. Here, we propose a 
method that maintains the flexibility and scalability of selective area 
grown nanowire networks while omitting the necessity of etching to 
create hybrid segments within the network. Instead, it takes advantage 
of directional growth methods and uses bottom-up grown InP 
structures as shadowing objects to obtain selective metal deposition. 
The ability to lithographically define the position and area of these 
objects, and to grow a predefined height, ensures precise control of the 
shadowed region. We demonstrate the approach by growing InSb 
nanowire networks with well-defined Al and Pb islands. Cross-section 
cuts of the nanowires reveal a sharp, oxide-free interface between 
semiconductor and superconductor. By growing InP structures on both 
sides of in-plane nanowires, a combination of Pt and Pb can be shadow 
deposited, enabling scalable and reproducible in-situ device fabrication. 
The semiconductor-superconductor nanostructures resulting from this 
approach are at the forefront of material development for Majorana 
based experiments towards topological quantum computation.  
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6.1  Introduction 

Material science is a major impetus for developments in 
topological quantum computation. This active research field aims at 
using non-Abelian anyons, predicted to provide a basis for naturally 
fault-tolerant quantum computing.1,2 A major step towards the first 
practical realization was the discovery that these quasiparticles can 
form in a one-dimensional semiconductor with strong spin-orbit 
Rashba interaction, coupled to a conventional s-wave superconductor.3-

5 This system is predicted to undergo a topological phase transition 
under a suitable magnetic field, with non-Abelian quasiparticles 
emerging in the form of Majorana bound states at the ends of the 
heterostructure.6 Several proposals have emerged on how these 
heterostructures can be used to build a fully functioning topological 
qubit, most of which are based on branched nanowire networks with 
topological segments.7,8 This sets the fabrication of these networks as 
one of the major challenges for material scientists in the field. 

In conventional semiconductor microfabrication, top-down 
approaches involving dry or wet etching are used to define device 
geometries.9 These often-aggressive processes bear the risk of causing 
etching-damage to the semiconductor surface, giving rise to scattering 
sites. This is particularly problematic for quantum applications, where 
these scattering sites negatively impact carrier mobility and coherence 
length. The preferred alternative is the bottom-up approach, in which 
the device structure is built from its individual atoms self-arranging 
into the desired pattern. A prototype of bottom-up synthesis is the 
growth of out-of-plane nanowires. The small contact area allows 
monocrystalline nanowire growth with pristine crystal quality and side 
facets, even on highly lattice-mismatched substrates. This can lead to 
ballistic transport over several microns and has been used in many 
successful Majorana based experiments.10-17 The downside of out-of-
plane synthesis is the limited geometric flexibility. Elaborate 
fabrication methods allow the synthesis of simple networks and have 
yielded impressive transport results.18 Even so, there is no 
straightforward way to expand them to more complex structures. 
Recently, a more scalable approach was developed based on the 
selective-area growth technique (SAG). In this method, an amorphous 
mask is deposited on the growth substrate into which the network 
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pattern is etched. The right growth conditions confine the subsequent 
nanowire synthesis to the mask openings, allowing for scalable and 
highly flexible growth of complex in-plane selective area networks.19-21 
But the difficulty of creating semiconductor-superconductor segments 
remains. Until now, Al was subsequently evaporated and selectively 
wet etched, a method frequently used on out-of-plane nanowires.19,22 
Experiments show however, that even highly selective etchants inflict 
damage on the semiconductor surface, lowering the device 
performance.23,24 

The alternative method proposed here omits the necessity of 
etching. Instead, it takes advantage of directional growth methods and 
uses bottom-up selective area grown structures as shadowing objects to 
obtain selective deposition. Similar concepts have been successfully 
used on out-of-plane nanowires but are limited in flexibility and 
achievable complexity.18,23-25  In this article we present the integration of 
shadow deposition with SAG, allowing for a reproducible and scalable 
bottom-up approach. We demonstrate the growth of branched, in-plane 
InSb nanowire networks and full control over number, size, and position 
of its superconducting segments. Furthermore, our method is suitable 
for the directional deposition of any material. To show this, we 
epitaxially grow thin films of Al, the most established superconductor 
choice within the field, as well as Pb. The latter possesses the highest 
bulk critical field and temperature of all elemental type-I 
superconductors, and has shown high promise in recent experiments.26 
Taking the same approach to shadow networks from multiple sides 
allows for the combination of several shadow deposited materials. We 
demonstrate this through several examples, including a full device 
consisting of an InSb nanowire, Pb islands, and shadow deposited Pt 
leads. Altogether, this method provides an ideal basis for the next wave 
of Majorana based experiments. 
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6.2  Shadow deposition 

Figure 6.1 illustrates the principle of the technique. As an 
example, we show the fabrication of an InSb Aharonov-Bohm 
interferometer with an embedded Al island. This type of device has 
raised significant interest due to its predicted non-local phase-coherent 
electron transfer.27-29 The schematics in Figure 6.1a-e give an overview 
of the fabrication steps. The starting point is a semi-insulating InP (111)A 
substrate covered by a 20 nm amorphous SixNy mask. Lithographically 
defined openings are dry etched into the mask along the 〈101�〉 and 〈112�〉 
crystal directions, allowing access to the underlying crystalline 
substrate. The subsequent metalorganic vapor-phase homoepitaxy 
forms InP nanostructures, herein referred to as walls.30 Confining the 
mask openings to these crystal directions allows for high control over 
the lateral dimensions of the walls (see Figure 6.5). A second SixNy mask 
is deposited, and the same method is used to first etch the mask opening 
and then selectively grow the InSb nanowire network using MOVPE.19,20 
The initially grown InP walls act as shadowing objects during the 
subsequent superconductor deposition and allow for selective growth 
on the InSb network.  
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Figure 6.1 | Shadow deposit networks using InP walls.  
a-e: Illustration of the growth principle. Lithographically defined openings are 
etched into a SixNy mask (light blue) on an InP (111)A substrate (grey), followed 
by selective-area growth of InP walls (grey). The same approach is used to 
selectively grow the semiconductor (red) network after depositing and etching 
a second mask. The InP walls act as shadowing objects during the directional 
superconductor (green) deposition to allow its selective growth on the 
nanowire network. f: A cross-section of the design shows the dependency of 
the shadow length ls on wall height h and deposition angle α. The inset shows 
a zoom-in of the partially covered network. g: Top-view schematic, indicating 
the design flexibility of the approach due to the precise control over position 
and size of walls and network. h: Tilt-view SEM image of an in-plane InSb 
nanowire network with a superconducting Al island created through shadow 
deposition using InP walls. The arrow indicates the direction of the 
superconductor flux (SC) during deposition. The Al is deposited at α = 25°. Scale 
bars are 500 nm. 
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The angle α under which the superconductor is deposited, and 
the height h of the InP nanostructure determine the length 𝑙𝑙𝑠𝑠 = ℎ sin(𝛼𝛼) 
of the shadow, as depicted in Figure 6.1f. The ability to lithographically 
define the lateral dimensions and position of the InP nanostructures 
and network, combined with the control of the wall height during 
MOVPE growth, gives precise control over the shadowed region. This is 
indicated in Figure 6.1g, where the distances d1 and d2 between the 
nanostructures define the length and position of the metal island, 
ensuring that the shadow falls between the two arms of the 
interferometer. A scanning electron microscopy (SEM) image of a 
device created using this technique is shown in Figure 6.1h. The result 
is a single-crystalline InSb nanowire interferometer with a well-defined 
~1.2 μm long Al island on one arm. In addition to this, many other 
networks were fabricated to demonstrate the flexibility, accuracy, and 
scalability of the approach (see Figure 6.6 and Figure 6.7). This includes 
the basis of a proposed four-qubit device consisting of twelve 
superconducting segments connected into a branched network.8 

A transmission electron microscopy (TEM) image of the cross-
section of the Aharonov-Bohm interferometer is shown in Figure 6.2a. 
The partial shadowing of the network is visible, with a ~8 nm thick Al 
film covering only the right nanowire. This is confirmed through an 
energy-dispersive x-ray spectroscopy (EDX) elemental mapping of the 
same region, as displayed in Figure 6.2b. A more detailed EDX mapping 
of the right wire in Figure 6.2c shows an uninterrupted Al film from the 
top of the nanowire to the SixNy mask. This allows to contact the 
superconducting segment of the network without fabricating directly 
on the nanowire itself, thereby preventing subsequent damage. Other 
designs specifically require disconnecting the metal layer on the 
network from the layer on the mask to electrically isolate 
superconducting segments within the network. This can be achieved 
by growing the nanowire tall enough to enable self-shadowing (see 
Figure 6.8). 



 

118 
 

6 

 
Figure 6.2 | Partial shadowing.  
a: Transmission electron micrograph from a cross-section cut of the device 
shown in Figure 6.1. The partial shadowing of the network is visible with only 
the right wire being covered by the Al superconductor. The inset refers back to 
the schematic of Figure 6.1f. b: EDX elemental mapping of the same region with 
Sb (red), Si (light blue), P (grey) and Al (green). c: EDX elemental mapping of P 
(grey), Sb (red), Al (green), and oxygen (yellow) of the covered nanowire 
showing that the Al layer is continuous from the nanowire to the mask. d: 
HAADF STEM image of the covered nanowire. e: High resolution HAADF STEM 
of the region marked with a red rectangle in (d) depicting a uniform, oxide free 
InSb/Al interface. f: IFFT of the region marked with a blue rectangle in (d) 
reveals the atomic columns at the InP substrate to InSb nanowire interface. The 
lattice mismatch between InP and InSb is compensated by misfit dislocations 
directly at the interface (blue circles). Scale bars are 20 nm (a-d) and 3 nm (e). 

A high-angle annular dark-field (HAADF) scanning TEM image 
of the covered nanowire is shown in Figure 6.2d. A gentle removal of 
the native InSb oxide using a directional flow of atomic hydrogen 
radicals prior to the superconductor deposition ensures the clean 
semiconductor-superconductor interface,31 as seen in Figure 6.2e. A 
crucial requirement for the ability to grow InP by selective-area-epitaxy 
is the polarity of the substrate. As a consequence, this is the first 
reported growth of in-plane InSb nanowires on InP (111)A (see Figure 
6.9), with the 10.4% lattice mismatch between the substrate and 
nanowire compensated by misfit dislocations directly at the interface. 
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These dislocations can be revealed through an inverse fast Fourier 
transformation (IFFT) of the TEM image, as depicted in Figure 6.2f.  

6.3  Pb deposition and characterization 

The presented technique is not limited to the use of Al. Any 
directionally deposited material can be shadowed. One particularly 
promising superconductor alternative is Pb, due to its expected large 
superconducting gap, and high critical field and critical temperature.26 
The SEM micrographs in Figure 6.3a-b show an in-plane InSb nanowire 
with ~22 nm thick shadow deposited Pb forming two superconducting 
islands. This design is based on an experiment suggested to investigate 
Majorana fusion rules.32,33 The film growth is governed by an interplay 
of thermodynamics and kinetics. It is therefore highly dependent on the 
crystallography of the underlying layer. This is exemplified by the Pb 
forming a smooth crystalline closed film on the crystalline InSb 
nanowire, while exhibiting a still continuous but rougher poly-
crystalline morphology on the amorphous mask, with crevices at the 
grain boundaries. The morphology is determined by the minimization 
of the overall excess energy.34 Since Pb adatoms are more strongly 
bound to each other than to the SixNy mask they follow the Vollmer-
Weber growth mode. In this mode, three-dimensional islands nucleate 
directly on the surface after reaching a critical number of adatoms. 
Longer deposition increases the island size until they coalesce and 
percolate, eventually forming a closed film. Figure 6.3c demonstrates 
the formation of the closed film with increasing film thickness. 
Creating a continuous superconducting layer reaching from the 
nanowire to the mask can be crucial for certain experiments, as 
previously indicated in the context of the Aharonov-Bohm 
interferometer. A nanowire with a single connected superconducting 
island (see Figure 6.7), could for instance serve as a material basis for 
three-terminal nonlocal conductance measurements.35,36 An EDX 
elemental mapping of a cross-section cut of a comparable deposition is 
shown in Figure 6.3d. It exhibits a continuous Pb layer with a sharp 
oxide free interface to the nanowire, as visible in the HAADF scanning 
TEM image depicted in Figure 6.3e. The Pb crystal is expected to orient 
itself to the bi-crystal interface with the smallest bulk residual 
mismatch, while simultaneously maintaining a low interfacial domain. 
This is confirmed by an IFFT in Figure 6.3f that reveals the 3:4 ratio of 
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the epitaxially matched InSb/Pb interface with a bulk residual 
mismatch of 1.9%. 

 
Figure 6.3  | Epitaxial Pb on InSb.  
a: Tilt-view SEM image of an InSb nanowire with two shadow deposited ~22 
nm thick Pb islands. The arrow indicates the direction of the superconductor 
flux during deposition. The Pb is deposited at α = 25°. Scale bar is 1 µm. b: Close 
up of the left island showing a smooth, closed Pb film on the crystalline InSb 
nanowire and a rough poly-crystalline topography on the amorphous SixNy 
mask. Scale bar is 200 nm. c: Layer morphology of Pb on the SixNy mask. With 
increasing thickness, the film transitions from separate islands to a 
continuous rugged layer, to eventually forming a closed film. Scale bar is 200 
nm. d: EDX elemental mapping of a cross-section cut imaged along the �110� 
zone axis with P (grey), Sb (red), Pb (blue), Si (light blue) and oxygen (yellow). 
Scale bar is 20 nm. e: HAADF scanning TEM image of the region marked with 
a blue rectangle in panel (d) showing the oxide free InSb/Pb interface. Scale bar 
is 3 nm. f: IFFT of the same region reveals the 3:4 ratio of the epitaxially aligned 
InSb/Pb interface with an expected bulk residual mismatch of 1.9 %. Three 
exemplary edge dislocations are indicated by cyan circles. 
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6.4  Two-sided metal deposition 

Finally, the shadowing approach is taken further by placing InP 
walls on both sides of the nanowire, allowing for the combination of 
multiple shadow deposited materials. An example to showcase the 
principle is sketched in Figure 6.4a. Here, the Pb island device 
introduced in Figure 6.3 is expanded by shadow depositing Pt on both 
ends of the nanowire. This creates a junction between normal metal, 
semiconductor, and superconductor, which reduces the steps for 
fabrication processing after the sensitive semiconductor-
superconductor interface is created. A SEM micrograph of such a device 
is shown in Figure 6.4b-c. It exhibits sharp shadows with a clear 
separation between the Pt and Pb covered segments and the bare InSb 
nanowire. The dimensions of these segments can be accurately 
controlled through the position of the InP walls. Some applications 
require the bare InSb segments to be kept small in order to avoid the 
unintentional formation of quantum dots.12,37 To validate the accuracy 
of this approach, a Pt/Pb junction is created with a bare InSb segment of 
a lateral dimension as short as ~15 nm (see Figure 6.10). The EDX 
analysis of the device is shown in Figure 6.4d, with the Si signal 
indicating the etched mask openings for walls and nanowire. The 
detected Pt and Pb signal reveal the deposition shadows and their 
relative position to the nanowire (also see Figure 6.11 for the 
combination of Al and Pt). Next to combining normal metals with 
superconductors, this approach could also be used to combine two 
different superconductors for sensitive tunnel probing of the density of 
states (see Figure 6.12).38,39 Shadow deposition is currently the only 
known way to create combinations of ultra-high vacuum deposited 
superconductors without involving processing. Alternatives would 
require either the ability to selectively etch one superconductor without 
damaging the other or the use of lift-off processes, leading to potential 
material contamination. 
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Figure 6.4 | Double-sided shadow deposition. 
 a: Schematic of double-sided shadow deposition. InP walls are placed on both 
sides of the nanowire. This allows for the consecutive shadow deposition of 
~10 nm Pt at α = 35° and ~22 nm Pb at α = 25°. b: Top-view SEM micrograph 
depicting the resulting InSb nanowire with two superconducting Pb islands 
and normal Pt segments on both ends of the wire. Scale bar is 1 µm. c: Close-up 
of the normal-semiconductor-superconductor junction marked by a purple 
rectangle in panel (b). It shows a sharp shadow with clear separation of the Pt 
and Pb covered segments by the bare InSb nanowire. Scale bar is 200 nm. d: 
SEM-EDX elemental mapping of the full device. The Si (light blue) signal shows 
the etched wall and nanowire openings. The Pt (purple) and Pb (blue) signals 
show the shadow deposited metals. Scale bar is 2 µm. 
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6.5  Conclusion 

In conclusion, we demonstrate selective shadow deposition to 
in-plane nanowire networks. The technique is fully based on SAG, 
making it highly flexible, accurate, reproducible, and scalable. Fully 
omitting etching of the networks avoids damaging the semiconductor 
surface, which would lower the device performance. Additionally, it 
allows for the use of materials to which no selective etchant is currently 
known. The approach is used for the selective deposition of Al, as well 
as the first reported growth of epitaxial Pb on InSb nanowires. 
Shadowing from two sides permits for the combination of multiple 
materials. This is exemplified in two ways: First, by combining Al as 
well as Pb with Pt for a complete device fabrication without processing 
of the nanowire, and second through the combination of Pb with Al for 
density of states (DOS) tunnel probing. We believe this approach 
presents an ideal large-scale platform for the next wave of Majorana 
based experiments.  
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6.6  Appendix 

6.6.1 Methods 

Substrate fabrication 
Fabrication of substrates for SAG shadow deposition is a three-step 
lithography process. 

- Markers: 70 nm SixNy layer is deposited by plasma-enhanced 
chemical vapour deposition (PECVD) on an undoped semi-
insulating (111)A InP substrate. AR-P 6200.13 resist is spun at 
2000 rpm, baked at 150 °C for 1 min, rinsed in IPA for 30 s, blow 
dried. Electron-beam lithography (EBL) is used to write marker 
patterns and developed in AR 600-546 for 1 min. The pattern is 
transferred into the mask by reactive ion etching (RIE) using 
CHF3 with added O2. 5 minutes of 50 W O2 plasma ashing is used 
to clean the wafer of polymers. Inductively coupled plasma 
etching (ICP) using CF4/H2 etches the marker pattern ~1.5 μm 
into the substrate. A 3 min buffered hydrofluoric (BHF) etch 
(NH4F:HF = 7:1) removes the mask. 

- InP: 20 nm SixNy by PECVD. AR-P 6200.13 resist at 4000 rpm, 
baked at 150 °C for 60 s. The InP wall openings are written by EBL 
and developed in AR 600-546 for 60 s, rinse in IPA for 30 s, blow 
dry. RIE, using pure CHF3 RIE to transfer the pattern into the SixNy 
mask. Overnight AR 600-71 stripper to remove the resist, 
ultrasonic rinse in IPA for 30 s, blow dry. O2 plasma ashing to 
clean the substrate. A phosphoric acid wet etch (H2O:H3PO4 = 10:1) 
removes the native substrate oxides, after which the InP walls 
are grown using a horizontal flow MOVPE reactor. Subsequently 
the SixNy mask is removed by a 3 min BHF etch. 

- InSb: Analogous to InP processing. 20 nm SixNy by PECVD. AR-P 
6200.04 at 2000 rpm, baked at 150 °C for 60 s. The InSb network 
openings are written by EBL and developed in AR 600-546 for 60 
s, rinse in IPA for 30 s, blow dry. CHF3 RIE to transfer the pattern. 
Overnight AR 600-71 stripper to remove the resist, ultrasonic 
rinse in IPA for 30 s, blow dry. O2 plasma ashing to clean the 
substrate. A phosphoric acid wet etch (H2O:H3PO4 = 10:1) removes 
the native substrate oxides, after which the InSb networks are 
grown using MOVPE. 
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InP homoepitaxy 
Growth takes place in an Aixtron 200 MOVPE horizontal flow reactor 
with infrared lamp heating. The InP walls are grown at 700 °C using tri-
methyl-indium (TMIn) and phosphine (PH3) with precursor molar 
fractions Xi (TMIn) = 3.5 x 10-6 and Xi (PH3) = 1.33 x 10-2, for 20-50 minutes 
depending on the desired wall height. The reactor pressure is 100 mbar, 
with a total flow of 12000 sccm, using H2 as the carrier gas.  
 
InSb heteroepitaxy 
The same reactor is utilised for the InSb growth. An annealing step 
under phosphine (PH3) overpressure at 570 °C is used for surface 
reconstruction of the etched openings and to remove possible oxide 
residuals from the exposed substrate surface. InSb nanowires were 
grown at 470 °C using tri-methyl-indium (TMIn) and tri-methyl-
antimony (TMSb) with precursor molar fractions Xi (TMIn) = 8.4 x 10-8 
and Xi (TMSb) = 3.7 x 10-3, for 20-40 min depending on the network size 
and desired nanowire height. For both processes, the reactor pressure is 
50 mbar, with a total flow of 12000/6000 sccm, respectively, and H2 as 
the carrier gas. 
 
Metal deposition 
Nanowire networks are transferred ex-situ to a molecular beam epitaxy 
(MBE) chamber. An atomic hydrogen clean (20 min under continuous 
rotation, 400 °C thermocouple, 5 x 10-6 mbar chamber pressure) is 
performed to remove the native oxide from the InSb nanowire surface. 
Subsequently, samples are cooled down to about 110 K by active liquid-
nitrogen cooling. Careful alignment of nanowires relative to the metal 
source is important for well-controlled shadowing of the networks. Al 
and Pt are deposited at a growth rate of ~5.5 Å min−1, Pb at ~24 Å min−1. 
Immediately after growth, samples are transferred in-situ to an MBE 
chamber equipped with an ultrahigh-purity O2 source where they are 
exposed to 10−4 mbar of O2 for 15 min. This step is important to form an 
oxide layer to ‘freeze-in’ the metal film.  This prevents it from diffusing, 
while the sample warms up to room temperature in ultrahigh vacuum. 
 
 
 
 



 

126 
 

6 

Focused Ion Beam TEM lamella preparation  
TEM lamellas are prepared in a FEI Nova Nanolab 600i. First, an 
electron-beam induced C and Pt layer are deposited to minimize the ion 
beam damage in the following step. After removal of the InP walls using 
a nanomanipulator, the networks are embedded by an ion-beam 
induced Pt deposition used as a sacrificial layer for the thinning 
procedure. A TEM lamella is cut and transferred to a half-moon TEM 
grid for thinning. Finally, thin windows are cut into the lamella using 
Ga-ion milling in steps at 30 kV, 16 kV and finally 5 kV to create 
windows with a thickness of less than 100 nm, while minimizing 
damage induced by the ion beam. It should be noted, that particularly 
Pb deposited on InSb nanowires suffered from heavy interface 
intermixing during the thinning procedure. Ion beam milling under 
cryogenic conditions could possibly solve this. 
 
TEM studies 
TEM studies were performed using a probe-corrected JEOL ARM 20OF, 
equipped with a 100 mm2 Centurio SDD Energy dispersive X-ray 
spectroscopy detector. Misfit dislocations at the InP-InSb interface were 
visualised by creating an FFT of an atomic resolution image, applying a 
filter to only include one set of (111) spots and then creating an inverse 
FFT. 
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6.6.2 Supporting figures 

 

Figure 6.5  | Control over InP wall growth.  
a: Tilted SEM micrograph of an array of InP walls. Mask openings patterned 
along the 〈01�1〉 and 〈211〉 crystal directions form stable structures bound by 
 (2�11) and (01�1) side facets. The walls are grown in a variety of lateral 
dimensions ranging from 100 nm - 6 µm. Scale bar is 20 µm. b: Top-view SEM 
micrographs of InP walls grown along the [01�1] and �211� in-plane direction 
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marked in panel (a). We note that the former is thinner, reflecting a preferential 
formation of (01�1) over (211����) facets. This is likely a result of a lower surface 
energy of the former facet dictated by the V/III precursor ratio and growth 
temperature (see methods Section 6.6.1).30 The coloured area indicates the 
underlying etched mask opening. Scale bars are 1 µm. c: Large array of InP 
shadow walls with an enlarged image of the area marked in green. Along one 
axis, the length of the walls is varied demonstrating the flexibility of the 
approach. Along the other axis, a copy of the same design was grown indicating 
the reproducibility of the approach. Scale bars are 20 µm and 4 µm, 
respectively. 
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Figure 6.6  | Design flexibility.  
a-d: Top-view schematic overview, accompanying tilt-view SEM and close-up 
SEM images of an InSb semiconductor network with shadow-deposited 
superconducting islands for various designs. a: Single nanowire with double 
superconducting (Pb) island design to investigate Majorana fusion rules.33,40 
The wire is substantially lower than the one shown in the main text, leading to 
a continuous superconducting film from wire to mask. b: Network based on 
Majorana teleportation experiments with two superconducting islands (Pb) on 
two separate network arms.8 c: Single-qubit nanowire network design with 
superconducting islands (Al) on all three arms.8 d: Four-qubit design with 
superconducting islands (Pb) on all horizontal arms, demonstrating the 
scalability of the growth technique.8 Scale bars are 1 µm and 200 nm (tilt-view 
and close-up, respectively). 
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6.7  | Scalability and accuracy. 
a: Tilted SEM micrograph of an array of shadow-deposited Aharonov-Bohm 
interferometer. Scale bar is 10 µm. b: Illustration of the design indicating the 
length of the two arms a1 and a2. c-g: A series of devices taken from the sample 
shown in panel a. The length a1 is kept constant at 2 µm, while varying a2 from 
400 - 800 nm. The network shown in panel (c) has the same design as Figure 
6.1h but is not the same device. Scale bars are 500 nm. 
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Figure 6.8 | Self-shadowing.  
a: EDX elemental mapping of a cross-section of an InSb nanowire (Sb, red) with 
a superconducting thin film of aluminium (green) deposited on top. In this case, 
the nanowire is grown to approximately the height of the mask, leading to a 
continuous aluminium film on both sides of the nanowire to the mask. No 
oxide (yellow) interruptions are present in the aluminium layer. The HAADF 
scanning TEM image below shows the continuous film on the mask. b: The 
nanowire is grown slightly higher than the mask, allowing for self-shadowing 
during the superconductor deposition under an angle. In this case, two separate 
aluminium segments are created, while both still connect to the wire with an 
oxide-free interface. This creates the smallest shadow practically possible. c: 
The nanowire grows out of the mask and the aluminium film is interrupted. 
The self-shadowing causes the Al film on the right side of the nanowire to 
completely disconnect from the nanowire. A thin oxide layer between the InSb 
and Al further electrically isolates the Al from the nanowire. Scale bars are 20 
nm. 
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Figure 6.9 | InSb SAG on InP 111A.  
a: SEM micrograph of a four-qubit design InSb nanowire network grown on an 
InP (111)A substrate using a SixNy selective area mask. Terminating growth 
facets are still visible at the corners of the design (b), which are {110} planes. 
Scale bar is 400 nm. c: Growth as a function of time. The nanowire is fully 
grown in the mask after 10 minutes and exceeds it at 15 minutes.  Scale bar is 
400 nm. d: Fully grown ten-by-ten nanowire network demonstrating the 
scalability. Scale bar is 1 µm. 
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Figure 6.10 | Accuracy of double-sided shadow deposition.   
a-c: Close-up SEM images of an in-plane grown InSb nanowire with a metal 
(Pt) selectively deposited on the left side and a superconductor (Pb) selectively 
deposited on the right side. The shadow between the metals is ~150 nm (a), 
~100 nm (b), and ~15 nm (c). Scale bar is 100 nm. 
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Figure 6.11 | Shadow deposition of Al and Pt. 
a: Schematic top-view of two-sided metal deposition on an InSb nanowire (red) 
using InP walls. The aluminium (green) and Pt (purple) are deposited from 
opposite sides, creating a normal-nanowire-superconductor device. b: Top-
view SEM micrograph of such a device. Scale bar is 1 µm. 
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Figure 6.12  | Shadow deposition of Al and Pb.   
a: Schematic top-view of two-sided superconductor deposition on an InSb 
nanowire (red) using InP walls. The aluminium (green) and Pb (blue) are 
deposited from opposite sides, creating two separated superconducting islands. 
b: Top-view SEM micrograph of such a device. Scale bar is 1 µm. c: SEM-EDX 
elemental mapping of the device shown in (b). The silicon signal (light blue) 
shows the position of the walls and nanowire in the mask. Al (green) and Pb 
(blue) covered regions show the respective shadowed region. Some Pb 
accumulation can be observed on the mask. Scale bar is 2 µm. 
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Summary 

Quantum technologies are considered to be the tools for the next 
big leap forward in the evolution of human society. Specifically, 
quantum computing, is expected to open a new avenue to tackle 
problems that have so far been difficult or even impossible to solve. 
There are many ideas for a physical implementation of a quantum 
computer, each with their own advantages and disadvantages. One 
such idea is the use of topological quantum computations by using 
Majorana fermions. 

This thesis describes the progress in the field of developing 
semiconductor networks for Majorana based topological quantum 
computation starting with an introduction to the field, followed by a 
theoretical background description of what has been achieved thus far. 
The results described in this thesis begin with the development of InSb 
nanowire networks using an out-of-plane approach. Here, the InSb 
nanowires are grown using a gold catalyst and specially designed InP 
substrates such that the nanowires can grow towards each other under 
a defined angle with the substrate. This enables the possibility of wires 
merging and creating nanowire networks. Alternatively, by precisely 
tuning the position of the nanowires on the substrate, the wires can 
cross each other without merging, making it possible to use one 
nanowire as the shadowing object in front of another nanowire when a 
directional flux of metal is used to deposit a superconductor, 
eliminating the need for a metal etchant. Although this technique has a 
lot of advantages, there are some inherent limitations when it comes to 
scalability for larger networks. To overcome this problem, another 
approach is used for the next generation of devices. 

In-plane Selective Area Networks (InSANe) of InSb nanowires on 
InP substrates is described in detail in the next chapter of this thesis. By 
depositing an amorphous mask on an InP substrate and creating 
predefined openings in this mask using lithography, scalable one-
dimensional nanowire networks can be grown using metalorganic 
vapor-phase epitaxy (MOVPE). The growth kinetics are investigated by 
studying the effect of growth parameters on the nucleation of the InSb 
on the substrate. Material characterization is performed using scanning 
electron microscopy (SEM), tunneling electron microscopy (TEM) and 
atomic force microscopy (AFM). Transport measurements on InSb loop 



143 
 

7 

structures show coherent electron transport by observing Aharonov-
Bohm (AB) oscillations, a measure for the material quality. 
Superconducting aluminum is deposited on the InSb nanowires using 
molecular beam epitaxy (MBE) at liquid nitrogen (LN2) temperatures 
(~110 K) followed by electron transport characterization to demonstrate 
the quality of the semiconductor-superconductor hybrid device. 

In order to get closer to the full in-situ fabrication of a device, 
unleashing the full potential of the scalable in-plane platform, selective 
metal-on-semiconductor deposition is achieved by using grown InP 
walls as shadowing objects. This eliminates the need for any metal 
etchant and enables the possibility for the in-situ deposition of two 
different metals selectively on different parts of the InSb nanowire 
network. This allows for the fabrication of an in-situ device with a high 
quality of the material near the active region and the interface of the 
active region. Finally, an outlook is given on preliminary results and 
future suggestions for the fabrication of tunnel gates underneath the 
InSb nanowires, called bottom gates, and a buffer layer for electrically 
insulating the nanowire from the bottom gates completing the goal for 
the full in-situ device fabrication. 
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The future is InSANe 

This thesis has shown the advantages and disadvantages of both 
the out-of-plane grown InSb nanowires as well as in-plane selective 
area grown nanowire networks (InSANe). Although the research on in-
plane nanowires has made serious advancements over the last years,1-3 
there are still a number of challenges to be addressed before it can be 
used as a platform for scalable topological qubits: 1. Superconductor 
properties. Most studies have been performed with aluminium as a 
superconductor. Being able to sustain a larger critical field, however, 
would allow for investigating larger Zeeman energies. In addition, the 
chemical properties of the material are important since interfacial 
reactions may introduce disorder at the semiconductor/superconductor 
interface. See Section 8.1 for more details. 2. Semiconductor properties. 
Disorder in the nanowire may break up the topological phase into 
subsegments. By measuring the electron mobility, the level of disorder 
can be estimated, and should be at least around 105 cm2/Vs. The mobility 
may be limited by scattering at the nanowire surface, which could be 
improved upon by adding a capping (surface passivation) layer. See 
Section 8.2 for more details. The topological gap is determined by the g-
factor of the semiconductor, and a larger gap results in a lower 
sensitivity for disorder. Therefore, a different semiconductor, PbTe, 
which has a very high g-factor could be a very promising material. See 
Section 8.6 for more details. 3. Device tunability. It is very important to 
have precise control of the chemical potential in the overall device, to 
tune it within the topological gap, which is in the order of 100 µeV. The 
topside of the nanowire is already crowded with the superconductor, 
shielding electrostatic fields, and contacts. We, therefore, propose to 
develop bottom gates to use the volume underneath the NW effectively. 
See Section 8.3 for details. 4. Scalability. In order to profit from the 
highly mature Si-technology, the InSANe nanostructures should be 
realized on Si substrates (see Section 8.4). 

The current status of the InSANe platform allows for growth of 
complicated nanowire networks with the addition of selective 
deposition of superconductors/metals. This enables in-situ fabrication 
of a nanowire device with superconducting islands and 
superconducting or normal contacts for quantum transport 
experiments. Figure 8.1 shows a simple flowchart overview of the 
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interesting aspects that can be studied in the future. The six proposed 
research directions for 2nd and 3rd generation InSANe devices will be 
discussed separately below.  

 

Figure 8.1 | Overview InSANe project  
Flowchart of InSANe project history (‘1st generation’) and ideas for future 
generations of experiments (2nd and 3rd generation). 

In this chapter, an outline is drafted for the next steps in the 
development of the InSANe platform, the interesting aspects of this 
platform and its opportunities from a scientific perspective.  
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8.1.  Superconductors 

The shadow wall geometry allows investigation of new material 
combinations without the need to optimize selective etching processes 
for each metal separately. With this platform a (rather) quick scan can 
be made to explore several different superconductors. Important 
parameters for the suitability of a superconductor are, of course, the 
superconducting properties, like gap size, critical field, and critical 
temperature, but also its material properties, such as lattice constant, 
diffusivity on a surface, and chemical reactivity. Finally, the band 
alignment between the metal (when not in the superconducting state) 
and the semiconductor is an important ingredient determining the 
proximity effect. Although there is a plethora of superconductors 
available, for the specific combination of InSb and the goal of creating a 
Majorana device, only a few superconductors seem promising based on 
their properties: Al, Pb, Sn, V, In (see Chapter 2, Table 2.1 for more 
details). For a material scientist, the InSANe InSb platform might be 
particularly interesting to use for the growth and characterization of α-
tin, which is predicted to be a topological insulator,4 and is lattice 
matched to the top surface InSb {111} plane of the InSANe InSb 
nanowires.  

8.2. Capping layers 

In-plane grown InSb networks exhibit a relatively low electron 
mobility compared to their VLS counterparts and bulk InSb.5 Since the 
defect density in the in-plane wires is low and the level of incorporated 
impurities is similar as in VLS wires, the mobility is probably limited by 
scattering at one of the interfaces: the bottom of the wire (wire/substrate 
interface), the sides of the nanowire (wire/mask interface), or the top of 
the nanowire (wire/vacuum interface). A buffer layer, for example 
InxAl1-xSb, could be used to reduce the scattering at the substrate side of 
the wire (see Section 10.3 for more details). The irregularity of the 
sidewalls of the mask openings prohibits the nanowire to form large 
stable side facets and leaves tiny pockets (voids), where nanowire 
material did not grow, which can lead to oxidation of the sidewalls 
when exposed to ambient air. The top of the nanowire also oxidizes 
when exposed to air, which negatively impacts the electronic 
properties. To address this, the surfaces can be passivated by a capping 
material. A viable way to increase the electron mobility is thus by 
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capping the InSb to prevent any surface oxides from forming and to 
passivate the nanowire surface, effectively removing any dangling 
bonds and reducing possible electron scattering sites. There are two 
general approaches to this passivation. One is by depositing an 
amorphous and insulating dielectric on top of the nanowire, like AlOx. 
This can be done in-situ in an MBE system, avoiding any surface 
oxidation or contamination from ambient air. If the nanowires are 
grown in a different system, like an MOVPE, and transferred ex-situ to 
another system, then an atomic hydrogen clean can be performed to 
remove the surface oxides from the nanowires prior to depositing the 
AlOx layer.  

Another option to cap the InSb is to grow a crystalline 
semiconductor with a much higher bandgap on top of the nanowire 
surface. A suitable candidate for this is cadmium telluride (CdTe) which 
is almost lattice matched to InSb.6 The advantage of this approach 
would be that there are no dangling bonds at the InSb nanowire surface 
and there is no strain induced on the nanowire lattice, possibly leading 
to a better passivation and therefore higher electron mobility in the 
nanowire. A CdTe layer can also be used as a tunnel barrier between the 
semiconductor and the superconductor to tune their coupling by the 
thickness of the layer. 

8.3. Bottom gates and buffer layers 

A major bottleneck for InSANe nanowires compared to out-of-
plane grown nanowires is the possibility to spatially control the 
chemical potential in the channel by gates. VLS nanowires can be 
placed on a prefabricated chip with metallic finger gates covered with a 
dielectric layer (see Figure 8.2a). This allows spatial electrostatic 
control in the channel also underneath the normal and 
superconducting contacts, which is important to tune the position of the 
wavefunction and the coupling between the semiconductor and the 
superconductor. This is, unfortunately, not possible with InSANe 
nanowires, because a semiconductor cannot be grown crystalline with 
the right crystallographic orientation on a metallic layer covered by an 
amorphous dielectric. Hence, gates can either be designed afterwards 
on top of the network (top gating) or on the sides (side gating), leading 
to space issues as the ohmic contacts also need to be accommodated on 
top of the nanowires (see Figure 8.2b). Additionally, gating under the 
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ohmic and superconducting contacts is nearly impossible with gates on 
top or at the sides of the contact due to screening.  

 

Figure 8.2 | Comparison between functioning devices with VLS and InSANe 
InSb nanowires 
a: Scanning electron microscope (SEM) image of an InSb nanowire device with 
pre-fabricated metallic bottom gates.7 b: False-coloured SEM image of an in-
plane selective area grown InSb nanowire (horizontal, middle left to right in 
red) contacted with two normal contacts (yellow) and a superconducting 
aluminium island (middle underneath purple gate) with three top gates 
fabricated on top of the device (blue and purple). The gates are electrically 
isolated from the nanowire using a selectively deposited dielectric (green area). 

These limitations can be overcome by growth of crystalline 
bottom gates underneath the nanowire channels. There have been a lot 
of studies on the stacking of different III-V semiconductors, also known 
as heterostructures, as in-plane layers or in nanowires, either axially or 
radially.8-11 Here, the idea is to create an InSANe InSb device with 
integrated epitaxial bottom gates. The gates are grown by selective area 
growth using a mask. After growth of the gate structure, the first mask 
is removed and a second mask is defined, with line openings, for 
instance, orthogonal to the bottom gates. An insulating buffer layer is 
first grown selectively followed by the InSANe nanowires on top of that. 
See Figure 8.3 for a schematic overview of the idea. 
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Figure 8.3 | Schematic of integrated bottom gates for in-plane nanowires 
a: Perspective view of the final growth chip with an InP 111A substrate (grey), 
grown bottom gates (orange), the SixNy mask (blue) and the InSb nanowire (red) 
with a buffer layer below (black). b: Cross-section view along the nanowire 
(green dashed line) showing the stacking of the materials. c: Cross-section cut 
perpendicular to the nanowire (white dashed line). 

A few critical challenges should be noted. First, the crystal 
quality of the bottom gate material is important to avoid any defect 
propagation into the InSb network grown on top. Therefore, the bottom 
gate material is ideally lattice matched to the substrate material 
reducing the chance of defects. Possible materials for this are heavily 
doped InP or InxGa1-xAs, with x at 0.53 such that it lattice matches with 
InP.12 Second, the bottom gates should be grown to only fill the trenches 
in the substrate with the top surface of the gates and surrounding 
substrate in the same plane, making the subsequent growth easier and 
ensuring more uniform gating from all gates. Thirdly, the buffer layer 
needs to be insulating enough to avoid any leakage from the gates into 
the wire or vice versa during transport measurements.  

A possible candidate for the buffer layer is InP. It is already 
known that InSb nanowires can grow on InP substrates (see Chapter 5), 
but this would unavoidably cause defects at the interface between InP 
and InSb and possibly horizontal twin planes in the bottom part of the 
nanowire. A more suitable alternative is InxAl1-xSb as this is more lattice 
matched to InSb, but still has a relatively large bandgap (2.386 eV for 
AlSb versus 0.235 eV for InSb, respectively).13,14 The concentration of 
aluminium in the buffer layer can be tuned for finding an optimal 
middle ground between band offset (more aluminium content) and 
lattice mismatch (lower aluminium content). 

The advantage that can be gained in the InSANe platform is the 
ease of lithographic alignment of the different layers in the stack. This 
would enable the possibility to create bottom gate designs dedicated to 
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a specific transport experiment (see Figure 8.4). For example, if an 
“island” device is desired (so normal contact - superconducting island - 
normal contact), a gate structure can be made to have two tunnel barrier 
gates (finger gates on the left and right of the island region) and a gate 
underneath the island to tune the chemical potential there. This would 
significantly reduce the screening effect of the superconductor on the 
gates. 

 

Figure 8.4 | Experiment specific bottom gate design 
a: Top view scanning electron microscope (SEM) image of an island device that 
uses top gates to tune the chemical potential in the nanowire (see Figure 8.2b 
for details). b: Top view SEM image of a bottom gate design selectively grown 
on InP 111A by using a SixNy mask. The two small vertical segments replace 
the tunnel gates (blue) in (a), and the long horizontal segment will be the gate 
underneath the superconducting island (purple in a). c: Cross-section 
schematic of how the final device would look like, with the substrate in grey, 
bottom gates (orange), buffer layer (black), InSb nanowire (red), 
superconducting island (green) and normal contacts (yellow). 

8.4. Silicon substrate 

One of the most important requirements for a large-scale 
application is the possibility to integrate the new technology with 
silicon, the standard for the semiconductor industry. There has been a 
lot of research on the integration of III-V semiconductors on silicon.15-17 
InSb has been grown on silicon substrates as far back as 1988,18 as a 
layer with GaAs as a buffer layer. More recently, InAs quantum dots and 
out-of-plane nanowires have been grown successfully on silicon,19-21 
while InSb quantum wells have been realized on silicon substrates 
using a stack of GaAs/InAlSb buffer layers.22 Growing InSANe InSb 
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nanowires on silicon has, however not yet been achieved. Expected 
challenges include the significant lattice mismatch between silicon 
and InSb (5.43 Å and 6.48 Å),13,14 and the non-polar Si (111) substrate 
surface, potentially causing anti-phase boundaries at the interfaces 
between different InSb nuclei. Another problem is the removal of 
surface oxides on the substrate surface without damaging the masking 
layer (SixNy or SiOx generally). The advantage of using this in-plane 
technique directly on silicon (over established methods of vertical 
nanowires on silicon or in-plane wires on other III-V substrates) is the 
scalability and the direct integration on silicon, making it easier to 
combine with existing electronics. Many of the processes described in 
Chapter 5 and optimized for InSANe growth on InP can be applied here 
as well, like crystal direction knowledge, lithography, mask material 
and dry etching processes. Some steps are however very specific to the 
substrate material and require their own optimization, like oxide 
removal, surface annealing and possible growth parameters. 

8.5. Ferromagnetic materials 

External magnetic fields are currently being used in quantum 
transport measurements for the detection of Majorana fermions. It 
would be interesting to investigate possibilities to incorporate a 
material in the device to create a magnetic field locally. Theoretical 
models and some experimental observations hint at the existence of 
Majorana fermions by using ferromagnetic materials combined with a 
superconductor.23-25 Here, the idea is to use ferromagnetic materials as a 
source for local magnetic fields. An interesting material to try is EuS, 
which has been grown epitaxially on InAs before.26 Other possibilities 
are EuSe or EuTe or their ternaries for their good magnetic properties 
and their relatively small lattice mismatch with InSb (EuSe: 6.2 Å (-4%), 
EuTe: 6.6 Å (+2%)) compared to InSb/Al (Al: 4.05 Å (-38%)).27,28 The main 
difficulties will be in finding the proper material with a balance 
between good magnetic properties and reasonable growth quality on 
InSb nanowires.  

Another idea is synthetic spin-orbit coupling by applying a 
keyboard of magnetic strips underneath the wire channel. This could 
maybe be realized with SAG growth of EuSe, for instance, similar to the 
bottom gates.  
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8.6. InSANe PbTe 

The hunt for Majorana fermions in condensed matter goes well 
beyond InAs and InSb. There have been multiple proposals to find 
Majorana’s in topological materials29-31 and even by using ferromagnetic 
nanowires.24 For the standard semiconductor-superconductor hybrid 
system, as currently being studied experimentally using InAs or InSb 
nanowires, most studies are oriented towards trying different 
superconductors (see Chapter 6). There is, however, also the possibility 
to change the semiconductor material to a more promising candidate, 
like PbTe, which is supposed to have a higher spin-orbit coupling and 
larger Landé g-factor.32 PbTe is a IV-VI material with a rock salt crystal 
lattice (like NaCl) where the atoms align periodically in a simple cubic 
lattice. Integrating PbTe nanowires with Pb as a superconductor is 
particularly interesting, since Pb is the strongest type I superconductor 
and will not chemically react with PbTe at the interface. Out-of-plane 
PbTe nanowires have been grown before, mainly because of their 
promising thermoelectric applications.33-36 The reports show, however, 
that the growth of PbTe nanowires is still in its infancy compared to the 
high quality and well-controlled growth of III-V nanowires (e.g. InAs, 
InSb, GaAs, InP). Growing InSANe PbTe nanowires is therefore an 
interesting challenge from a growth point of view and may combine all 
the advantages of the in-plane system as mentioned above.  

8.7. Conclusion 

To conclude, the in-plane platform is particularly suitable to 
create scalable nanowire networks and potentially even fully integrated 
devices, gates, semiconductor, and superconductor all grown epitaxially 
on top of each other with oxide free interfaces. So, in conclusion, it can 
be stated that for a more scalable and commercially viable solution to 
topological quantum computing, the future is InSANe! 
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