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Abstract

Semiconductor nanowires are at the very heart of current state of the art ex-
periments in the �eld of quantum transport. Their dimensions make them a
quasi one-dimensional material, and when coupled with a superconductor they
constitute a hybrid structure, inheriting the properties of both constituents.
This makes them the material of choice in the search for novel qubit systems,
proposed to arise from the realisation and control of exotic quantum states. To
this end, ultra clean materials that exhibit ballistic transport are required. Epi-
taxial �lms, formed under high vacuum have proven to ful�l part of this request.
Shadow deposition, has recently emerged as a viable method for forming the
necessary semiconductor-superconductor patterns without the introduction of
a chemical etchant. This work expands on the shadow patterning concept by
establishing the parameters necessary for precise control of the deposition, in
order to create designer architectures, with extensive possibilities in design, and
rapid prototyping of hybrid structures. Indium arsenide nanowires with epitax-
ial aluminium are produced to demonstrate the concept and are subsequently
characterised in transport experiments.
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state will build itself.
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Abbreviations

2DEG 2-Dimensional Electron Gas.

ABS Andreev Bound States.

EBL Electron beam lithography.

EBLS Electron beam lithography shots.

IPA Isopropanol (propan-2-ol).

KNW Kinking nanowire.

MBE Molecular Beam Epitaxy.

MDC Metal Deposition Chamber.

MIBK Methyl isobutyl ketone (4-methylpentan-2-one).

OLAP Objective lens aperture.

PMMA Poly(methyl methacrylate) (poly(methyl 2-methylpropenoate)).

QPC Quantum Point Contact.

SEM Scanning electron microscopy.

TNW Target nanowire.

VLS Vapour-Liquid-Solid.
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1 Introduction

Semiconductor nanowires (NWs) are crystal structures with a diameter on the
order of 100 nanometers, but which can extend several micrometers in height.

The spatial con�nement in the radial direction, coupled with the high aspect
ratio resulting from their considerable length, makes NWs a quasi-1-dimensional
material. When coupled with superconductor materials made by evaporating
the superconductor element onto the NW, they constitute a hybrid material.
Because the base NW is a semiconductor, they inherit a gate tunable charge
density, and this property is maintained in the hybrid material as well.1,2 This
puts them at the heart of current proposals for the realisation of qubit relevant
systems, which require semiconductor-superconductor hybrid materials strongly
con�ned to a 1-dimensional space.3{9 Of fundamental interest to these systems
is the Josephson Junction (JJ); two superconductors coupled by a weak link
(e.g. a semiconductor channel), that through Andreev re
ection can give rise to
bound states, located within the superconducting gap. Named Andreev Bound
States (ABS), they are proposed as a path to new qubit systems when they
can be manipulated in a coherent manner,2,7,10 and they are the basis for the
formation of zero-energy Majorana Bound States (MBS).7,11,12

Common to all these proposals is the need for hybrid structures that exhibit
ballistic or quasi ballistic transport. This sets a high standard for the quality of
the materials, as disorder inherently leads to scattering, and the loss of ballistic
behaviour.2,13,14

Epitaxial growth of aluminium (Al) thin-�lms onto indium arsenide (InAs)
NWs has proven to create a hybrid structure with an interface that is practically
disorder free,15 leading to superior transport properties compared to materials
formed by conventional evaporation techniques.16 The number of publications
involving InAs/Al NWs has rapidly increased in recent years, and epitaxial Al
is at the forefront, as the primary superconductor material in combination with
InAs.17 However, ballistic transport in InAs has proven a challenge, disorder
is a common problem that results in the unintentional formation of quantum
dots.18

Devices are usually created by chemically etching away part of the super-
conductor �lm to form gate tunable region; a junction. However, while Al is
relatively stable, and does not appear to be overly sensitive to processing, nor
exposure to ambient conditions,19 there is growing concern, that chemical pro-
cessing introduces unintended disorder in the system.15,16,18,20

In the last few years, new schemes have been developed for the creation
junctions formed by a patterned deposition of the superconductor onto the NW,
performed without breaking ultra-high vacuum.21 The concept was pioneered
with the use of additional neighbouring NWs to block the path of the evaporated
material,22,23 e�ectively creating a shadow on the untouched, bare section of
the target NW. This shadow deposition yields a material that is not exposed
to chemical processing at any point in the fabrication process, thus gaining the
full bene�t of the epitaxial growth.
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Hybrid InAs/Al NWs formed by shadow deposition are speci�cally included
in the current proposal for Andreev qubits.1,9,14 These qubit architectures re-
quire InAs NWs based JJs that exhibit ballistic electron transport, with near
perfect transmission,2 and it is expected that the method to achieve this, is by
the creation of resistless junctions; that is, junctions formed without chemical
processing of the NW.14

In this work, the concept of shadow deposition is expanded upon, in order to
create designer InAs/Al NW architectures, including shadow Josephson Junc-
tions. E�ort is given to understand the necessary control parameters that allow
for extensive possibilities in design of hybrid structures. The concept is also
used in a double-evaporation scheme which allows in-situ deposition of Au leads
onto a Pb thin-
m without breaking vacuum.

InAs/Al NWs, created with the shadow patterning method, are characterised
in electron transport measurements in the normal (nonsuperconducting) regime.
Here, ballistic transport is distinguished by quantisation of conductance, and
this makes the Quantum Point Contact (QPC) useful as a reference model for
an idealised, ballistic 1-dimensional channel.24

Thesis outline

Chapter 2 begins with an introduction to the principles of nanowire fabrication
using the vapour-liquid-solid mechanism, and electron beam lithography as a
method to design the nanowire growth. This is followed by a brief summary
of some basic points related to the use of the QPC as a reference model for
a ballistic conduction channel, and the in
uence of a magnetic �eld on the
transport measurements.

Chapter 3 describes the electrical setup used for transport measurements.
This is supplemented with considerations on tuning of the setup to minimise
noise in the data.

Chapter 4 contains the speci�cs of preparing the growth substrate for nanowire
fabrication. This acts as a protocol for general substrate processing that was
used in this work. This chapter also describes experimental results that are
used to understand the control parameters that can be tuned to yield precise
nanowires.

Chapter 5 introduces the principles of shadow patterning. Here, the necessary
equations for �ne control of the process are described. This is followed by a
description of selected design patterns to yield variations of superconductor-
semiconductor-superconductor junctions, and the experimental realisation of
these designs. The chapter ends with a design scheme for the in-situ contacting
of an epitaxial lead (Pb) layer of lead to gold (Au), followed by its experimental
realisation.

Chapter 6 will describe electron transport results for selected InAs/Al shadow
junctions, performed in the normal state with, and without the application of a
magnetic �eld.

Chapter 7 concludes this thesis and describes potential next steps for future
work.

Supplementary data from the experiments is compiled in the appendix.
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2 Theoretical Background

This chapter introduces the principles of nanowire fabrication using the vapour-
liquid-solid mechanism, and electron beam lithography as a method to design
the nanowire growth. This is followed by a brief summary of some basic points
related to the use of the QPC as a reference model for a ballistic conduction
channel, and the in
uence of a magnetic �eld on the transport measurements.

2.1 Nanowire Fabrication

Fabrication of nanowires is a delicate, multi-step process. This section will brie
y
describe the two major components in the process, the Vapour-Liquid-Solid
mechanism of growth and electron beam lithography, necessary for the design
of advanced architectures. A later chapter will describe the general fabrication
methods, and some of the necessary parameters for precision designs.

2.1.1 Vapour-Liquid-Solid growth

InAs nanowires used in this work are grown using an Au-catalysed, vapour-
liquid-solid (VLS) method; speci�cally using a molecular beam epitaxy (MBE)
system. The MBE chamber is under high vacuum (� 2 � 10� 10 Torr), necessary
for high purity growth. Here, selected materials undergo sublimation in an
e�usion cell, and are projected as a directed beam of gas phase matter. InAs
NWs are grown using an InAs substrate with crystal orientation (111), that
has been seeded with Au particles, acting as a catalyst for the growth. During
growth, the sample is heated and the Au particle adopts a droplet shape. The
sample is then exposed to In and As, which di�use around the surface of the
substrate, �nding an energy minimum in the liquid state of the Au droplet.
When the droplet reaches a critical saturation point, the In and As will �nd

Figure 2.1: Scanning electron microscopy image of an array of nanowires grown with molecular beam epitaxy. Right
panel: a close-up of the top of a nanowire from the same array, with the Au catalyst visible on the top of the wire.
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a new energy minimum by precipitating as an InAs crystal at the liquid-solid
interface between the droplet and the substrate, where the crystallographic
orientation of the substrate promotes an ordered direction of the crystal growth.
The Au seed particle remains on top, so as vapour phase atoms are continuously
provided, the growth continues, creating the elongated structures. The size of
the Au particle has a direct in
uence on the �nished NW dimensions;25 a small
Au droplet will form a small foundation for the InAs solid state, and thus the
structures grow thin, but tall. Large sized Au droplets result in thicker, but
shorter NWs. The dimensions are ultimately decided by the growth parameters,
the growth rate and time.26

Arrays of nanowires (as shown in Fig. 2.1), or more speci�c patterns can be
achieved by selectively depositing Au particles in pre-speci�ed locations. In this
work, this is achieved via carefully processed growth substrates.

2.1.2 Electron Beam Lithography

The pattern for Au particle placement, and thus NW growth must be precisely
de�ned if the aim is to yield complex nanostructures. De�ning the sites for Au
catalyst particles is performed using electron beam lithography (EBL), and this
section will brie
y summarise the main principles used to create the design
patterns which will be presented later.

EBL is a method for patterning an electron sensitive resist with a directed
electron beam. Unlike conventional photolithography using UV light, the signif-
icantly smaller wavelength of electrons makes EBL a high precision instrument.
The operation is analogous to the principles used in scanning electron microscopy
(SEM); an electron source emits electrons that are accelerated to 100 keV by an
electron gun,i and travel through a set of condenser lenses and magnetic coils to
focus and shape the beam, before it goes through an objective lens that focuses
the beam spot size onto the stage. The spot size can be adjusted using the
objective lens aperture (OLAP), and the beam current. The patterns created
in this work were consistently made using a beam current of 500 pA, and an
OLAP of 40 µm, for a beam spot diameter of 2.7 nm.

The electron beam energy modi�es the structural integrity of the exposed re-
sist. The electron sensitive resist used is a poly(methyl methacrylate) (PMMA),
a so called positive resist, because exposure to the electron energies breaks the
chemical bonds of the resist, leaving it vulnerable to etching by a chemical
developer.ii Penetration depth of electrons into the sample depend on the ac-
celeration voltage used for the electron emission, and will a�ect the amount of
backscattered electrons that re-enter the resist area. Backscattered electrons
can travel several micrometers in the resist,27 and this becomes an issue when
producing nanowire arrays, and especially if the arrays have complex architec-
tures. Also, the generation event probability of secondary electrons is inversely
proportional to the primary beam energy,28 so for precision designs, a large
acceleration voltage should be chosen to eliminate unintended modi�cation of
the area surrounding the design pattern.

As mentioned in the previous section, the dimensions of the �nished nanowires
are linked to the dimensions of the Au catalyst particle. With a beam spot of
2.7 nm, a single dot, or electon bream lithographyshot (EBLS), de�ned by
a short pulse of the electron beam is used to de�ne the smallest Au catalyst
sites; and thus yield the thinnest, and longest NWs. Larger Au catalyst sites are
de�ned by placing multiple shots spaced by 20 nm. Fig. 2.2 shows a selection

i System dependent. 100 keV for the system used in this work.
ii The reverse case is a negative resist, which hardens with exposure due cross-linking of the

molecules.
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Figure 2.2: Nanowires created from electron beam lithography shots of 1, 5, 15, and 50. The thicker structure in the
back is a nanowire created from 150 shots.

of nanowires that were grown from patterns of 1, 5, 15, and 50 EBLS, they are
contrasted against a 150 EBLS nanowire in the background.

2.2 The Quantum Point Contact

The transport experiments in this work are primarily focused on the exhibition
of quantum point contact behaviour in nanowires. It is therefore useful to shortly
summarise some key points, that will aid our discussion of the data to come.

The Quantum Point Contact (QPC) is a fundamental and widely studied
system. In its simplest description, the QPC consists of two electron reservoirs
connected by a constriction narrow enough to approximate a 1-dimensional
system (sketched in Fig. 2.3a). The con�nement of electrons entering the con-
striction leads to a parabolic dispersion relation with distinct sub-bands, which
in turn results in quantisation of conductance. For quantised states along a 1D
wire, the energy dispersion for thenth mode En is given by

En (kx ) = En +
~2k2

x

2m� (2.1)

where m� is the e�ective mass of the electron, andkx is the wavenumber of
states travelling along the x direction.

An external electric �eld, for example generated by a local capacitor (e.g. a
gate) will raise or lower the chemical potential, e�ectively changing the Fermi
energy EF , decreasing or increasing the number of open channels. Applying
a voltage between these reservoirs e�ectively shifts the energy at the leads,
changing the Fermi-Dirac distribution of the electrons in the reservoirs.

Ideally, the reservoirs transmit electrons perfectly. In the adiabatic approach,
the reservoirs are gradually decreased (or the con�ning potential increased)
in a smooth manner until the potential forms a 1-dimensional constriction.
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Figure 2.3: a. Sketched 1-dimensional constriction connecting two reservoirs; source and drain. Outside the constriction,
transverse moving modes can propagate continuously, but within the constriction they are con�ned to de�ned energies,
approximated by Eq. (2.1) in the ideal case. b. Energy dispersion relation (Eq. (2.1)) for electrons within the 1-dimensional
con�nement. Raising or lowering of the Fermi energy EF , for example via an external electric �eld, increases or decreases
the number of modes that can populate the constriction. c. An applied voltage sets the Fermi distributions of the two
leads out of equilibrium; driving a �nite current. Adapted from Ref. [29].

The transmission probability can then be somewhat tuned by the geometry
of this potential. Such is usually the case for experimental QPCs formed in
2-dimensional electron gasses (2DEG), but for nanowires, where connecting the
leads more or less resembles the stacking of LEGO bricks, the transmission and
re
ection amplitudes become less controllable. Nevertheless, an idealised model
will be useful for discussion of the data that will be presented later.

2.2.1 Saddle point model as theoretical QPC

The saddle point model is an approximation of a 2-dimensional potential which,
as the name suggests, assumes a smoothly curved potential, and is thus a variant
of the adiabatic approach. It is a an analytical model that allows the transmission
amplitudes to be separated into their coe�cients tn for the nth modes. It assumes
con�nement in the xy direction, and the potential of the constriction is given
as31

V(x; y) = �
1
2

m� ! 2
x x2 +

1
2

m� ! 2
y y2 + V0 (2.2)

where ! is some factor to modify the parabolic curve of the potential, andV0

is the potential at the center of the saddle. Fig. 2.4 shows an illustration of
the assumed potential of Eq. (2.2). The energy in they direction is a harmonic
oscillator

Ey = ~! y (n +
1
2

) : (2.3)

Figure 2.4: Idealised adiabatic QPC formed in a saddle point potential described by Eq. (2.2). Reprinted from Ref. [30].
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Figure 2.5: Idealised QPC formed by a saddle point potential. a. Conductance through the idealised QPC occurs only
via single channel transmission, the total conductance is then the sum of all open channels. b. Bias spectrum as a function
of the chemical potential � and source-drain bias V of an idealised saddle point model QPC.
Adapted from Ref. [31] ( a) and Ref. [30] (c).

Considering then the potential in the x direction, and inserting it into the 1-
dimensional Schr•odinger equation

�
� ~2

2m � @2
x + V(x)

�
 (x) = E (x), B•uttiker

showed that the transmission probabilities of the nth mode can be expressed
as31

Tn =
1

1 + e� 2�� n
(2.4)

where the energy� n for the nth mode is given

� n =
E � ~! y (m + 1

2 ) � V0

~! x
: (2.5)

The conductance through the QPC is then raised accordingly with the open-
ing of a new channel, the total transmission being the sum of each open trans-
mission mode. Fig. 2.5a shows the conductance through a saddle point QPC as
individual transmission modes become available as the energy is increased.

In a 1D system, current takes the form

I =
2e
h

N mX

n =1

=
Z

dETn (E ) ( f L (E ) � f R (E )) (2.6)

whereNm is the number of transverse modes travelling through the system, and
f L and f R are the Fermi distributions of the left and right leads, respectively.

Eq. (2.4) can be rewritten to express the energyE explicitly,

Tn =
1

1 + exp
�

� 2�
h! x

(E � � n )
� : (2.7)

If the transmission probability in Eq. (2.7) is used in Eq. (2.6), the di�erential
conductanceG = @I=@Vfor small values of the bias voltageVsd , (f L � f R � 0)
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