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Abstract

This thesis describes charge transport in III-V narrow bandgap semiconductor
nanowires. We are particularly interested in quantum transport in InSb, InAs and
InP-InAs core-shell nanowires. According to the type of transport mechanism
dominating in the devices, this thesis can be divided into four parts.

In the first part of this thesis, we investigated the temperature dependent transport
properties of InSb nanowires using field effect transistors made of InSb nanowires
grown by chemical vapor deposition. Ambipolar transport is observed from the
measurements in a wide range of temperatures up to 300 K. A bandgap of 220 meV
is extracted from the temperature dependent measurements. Hole and electron field
effect mobility are determined and their temperature dependence studied. The off
state current shows a strong dependence on the temperature and the channel lengths
of the transistors.

In the second part of this thesis, spin relaxation and quantum interference in InSb
nanowires are explored. Low-field magnetoconductance measurements are
performed and a crossover from weak antilocalization to weak localization is
observed. The experimental results are well explained with quasi one dimensional
weak localization theory. Spin relaxation length and phase coherence length are
defined. A strong Rashba spin-orbit strength of agr = 0.4 eVA-0.87 eVA is extracted.

In the third part of this thesis, electron transport in a single quantum dot is studied
in the weak and strong dot coupling regimes. The single quantum dots are formed
in InSb nanowires by side gates. Various transport features such as sequential
tunneling, excited states, and cotunnelings are investigated. Low temperature
transport properties of InP-InAs core-shell nanowires are also explored and the
coulomb blockade effect is revealed from a quantum structure extending over the
entire core-shell nanowire.

In the last part of this thesis, we report on electron transport through double quantum
dots in InSb and InAs nanowires defined by side gates. From the measurements in
the weak inter dot coupling regime, Pauli spin blockade is observed. The evolutions
of states in the Pauli spin-blockade region with magnetic field is also studied.
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Popular Scientific Summary

The silicon-based semiconductor industry has experienced a rapid development
since the first transistor was invented in 1947 by J. Bardeen, W. Brattain, and W.
Shockley at Bell Labs. Transistors work as switches or amplifiers for both digital
logics and analog applications and they are therefore the heart of modern electronic
devices. Obviously, the development has had a large impact on our daily life, from
computers, smart phones to control systems found in automobiles. The development
is achieved by a reduction in the size of transistors to improve transistor density,
performance and power density. However, as the size of a transistor is approaching
the scale of only a few atoms, it is revealed that further miniaturization will not work
anymore partially due to quantum effects. In fact, it is a fundamental limit since an
electron cannot be treated as a point like particle, instead it possesses a duality of a
particle and a wave. At the atomic scale, quantum mechanical effects such as
tunneling, interference, and confinement take place and the transport in a transistor
is governed by these quantum effects, leading to degradation of device performance.
This brings a need to search for new materials and novel devices, or techniques,
which address the problems facing modern electronic devices.

When we look at the world in atomic scales, things start to behave in unusual ways.
One particle can be co-exists in servals states at the same time. This is known as the
superposition principle in the quantum world. Taking advantages of quantum
physics to build a computer leads us to the era of quantum computing where the law
of classical physics will not be applicable anymore. A quantum computer uses a
qubit instead of a bit which is used in the conventional computer. To imagine the
power of quantum computer, let’s consider a sphere as storage of information. A bit
can be at one of the poles of the sphere while a qubit can exist at any points on the
sphere. It means that, the quantum computer can store enormous amount of
information with less energy than the conventional computer does. The quantum
computer also can be used for quantum simulations to design new materials which
is practically impossible to tackle with conventional computers. The quantum
computer has more other advantages over the conventional computer. However,
building a quantum computer is incredible complex. It is therefore of fundamental
importance to understand physics in atomic scales and properties of materials to
realize quantum computers.
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Nanowires are small structures with typical diameters of 10-100 nm and lengths of
several micrometres. Nanowires provide an excellent platform to study interesting
quantum phenomena in nanostructures. Combinations with wide range of martials
in growth can be achievable due to relaxed strains in the nanowires. Nanowires can
also be grown in complex structures. For example, radially grown ‘core-shell’
nanowires can be achieved by first growing a core nanowire, then changing the
growth conditions to deposit a homogenous shell around it. Many other advantages
that nanowires have, make them attractive for various applications, including
building quantum computers by using devices made of nanowires.

The focus of this thesis is to investigate low temperature charge transport properties
of III-V narrow bandgap semiconductor nanowires. Various fascinating physics of
mesoscopic systems are studied with devices which are made of III-V narrow
bandgap semiconductor nanowires.
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Chapterl
Introduction

1.1 Semiconductors and Nanoelectronics

Quantum theory gives a deep insight into interactions between the crystal structure
of materials and electrons. The interactions generate a concept of the band structure
in a solid, which describes the available states of electrons in the material. In a bulk
material, relatively continuous bands separated by bandgaps are formed by these
states. The occupation of electrons in these states are determined by the Fermi-Dirac
distribution which describes the number of occupied states as a function of energy,
E, above the fermi level, E:

f(E)= % (1.1)

e KT +1

In a metal, the Fermi level is located within one of the bands where many
unoccupied states are available (conduction band) that make the electrons or charge
carriers free to move, therefore metals are highly electrically conductive. In contrast
to a metal, the Fermi level is located within a bandgap in an insulator. As a result,
an insulator does not conduct any current. Since the Fermi level is located within
the bandgap for a semiconductor, under normal conditions, the electrical
conductivity of a semiconductor is very low. However, compared with insulators,
semiconductors have a smaller bandgap that makes it possible to tune and control
the conductivity of semiconductors by supplying an energy from external sources,
like heating or irradiating with light. In electronics, the conductivity of a
semiconductor can be tuned by either introducing doping atoms to control the
number of charge carriers in the semiconductor or by using an electric field to shape
the band structure.

The outstanding properties of semiconductors, such as their flexibility and tunability
of the conductivity have brought rapid developments in the semiconductor industry.
It began with the invention of the transistors in 1947 by J. Bardeen, W. Brattain, and
W. Shockley at Bell Labs. The transistor has become a building block for
performing logic functions in most electronic devices. Therefore, its inventors were
awarded the Nobel Prize in Physics [1]. The next breakthrough in electronics was
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the invention of the integrated circuit by Jack Kilby and Robert Noyce in 1958.
Since then, modern electronics which is based on Si Metal-Oxide-Semiconductor
(CMOS) has experienced an exponential development in integration density and
performance during the last 50 years. The development of CMOS circuits was
driven by the miniaturization of the transistor size according to Dennard’s classical
scaling principle [2]. Dennard’s scaling rule allows improvement in performance
and power efficiency by geometry scaling. Therefore, the traditional scaling has
been the main focus of the industry to achieve developments in performance. For
example, one of the processors, introduced by Intel in 2007, has 820 million
transistors with a minimum feature size of 45 nm [3], today the transistor size is
about 22 nm.

However, as the size of transistors are reduced to a length scale of only a few atoms,
it is revealed that the miniaturization is faced with a number of problems and
obstacles. For example, reduced gate response, a high off state current introduced
by short channel effects and a poor subthreshold slope [4]. Moreover, as the size of
a transistor becomes comparable to the electron wavelength, quantum mechanical
effects like tunneling, interferences, confinement happen. The transport in a
transistor is governed by these quantum effects, which cause degradation of device
performances. It will therefore be unlikely to keep shrinking the transistor size in
future transistor designs. This challenge brings a need for researchers to develop
new materials, novel gate geometries and new devices which rely on the advantages
of utilizing quantum effects [5-7].

1.2 Quantum computers

A long term, but revolutionary solution to increase the functionality of computation
is building a quantum computer (QC). A QC is a machine which is made using
bizarre concepts of the quantum world. For example, superposition, allowing a
particle in multiple states at the same time; quantum measurements, where the
outcome of a measurement is uncertain, depending on how it is detected; and
entanglement - ‘spooky action at a distance’. These quantum properties enables a
quantum computer to perform calculations, which would be impossible to tackle by
its counterpart classical computer. As examples, quantum algorithms are predicted
to solve certain problems, among these are, factoring large numbers or searching
unstructured databases faster than classical algorithms. The QC is also expected to
help us design new materials more efficiently, for instance room temperature
superconductors or catalyst for reduction of greenhouse gases. The QC would also
allow us to decode cryptic codes and simulation of quantum systems, which may be
a key to the development of new medicines and new materials [8].

The elementary component of a quantum computer is the quantum bit or qubit,
which can, unlike a classical bit, be in a superposition of binary states, 0 and 1.
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Qubits made from several quantum systems, which have their own advantages and
challenges, are being investigated. For example, single atoms in ion traps [9], NV
defect centres in diamond [10], superconducting circuits [11], semiconductor qubits
[12], and topological qubits [ 13]. In order to carry out quantum computing by qubits,
the quantum states of the qubits have to be initialized, read out and manipulated
[14]. In contrast to classical bits, quantum states are sensitive to interactions with
the environment and measurement systems. Consequently, the main technological
challenge emerging for quantum computation is losing coherence of the quantum
states. The loss of coherence limits the time for using qubits to computation.
Concerning the materials we have studied in this thesis, we will give a very brief
review of spin qubits and topological qubits.

1.3 Spin qubits

The concept of a semiconductor spin qubit is based on the use of the spin degree of
freedom. A long spin dephasing time (approaching microseconds) [15-17], ultrafast
coherent spin manipulation [ 18], phase coherent spin transport over a distance of up
to 100 um [15-17] have been experimentally revealed in semiconductors. Indeed, it
makes the spins in a semiconductor promising for the implementation of spin qubits.
Electrons in semiconductors can be controlled by confining them into a ‘tiny box’
referred to as quantum dots. In a quantum dot, the motion of electrons is restricted
in all three dimensions giving rise to quantization of the energy spectrum resembling
that of an atom. In fact, semiconductor quantum dots provide great flat form to
manipulate and control spin states. The combination of these two fields, using spin
of electrons in quantum dots as spin qubits was proposed by Loss and Di Vincenzo
[14]. This proposal uses two qubit quantum gates based on the exchange interaction
of coupled quantum dots, and relies on spin-to-charge conversion for efficient read-
out schemes. Unfortunately, this spin-charge coupling was found to make the qubits
sensitive to electrical noise, particularly to low-frequency noise [19]. Spin-orbit
interaction (SOI) is one source of decoherence, because it mixes spin and charge
[20]. However, it has been proposed to use SOI to manipulate coherent interaction
of qubits [21, 22]. Unlike the exchange interaction, SOI generates states of spin and
charge where the mixing happens at a high frequency, which makes the qubits
tolerant to low frequency noise [23]. A recent theoretical study of InSb NW
demonstrates that SOI can be tuned and controlled by using different gate
configurations to modify the symmetry and charge distribution in the nanowire [24].
Therefore, quantum dots made of semiconductor materials with strong SOI are of
current interest for the implementation of spin based quantum information
technologies.
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1.4 Topological qubits

An alternative approach to address the problems that appeared in QC is to use the
topology state of a matter. Topological quantum computation relies on exotic quasi
particles, called anyons, for storing and manipulating quantum information [25].
The exotic statistical behavior of anyons, which in neither like bosons nor fermions
[25], the presence of a non-trivial quantum evolution described by topology, makes
them insensitive to local geometrical details. Therefore, when anyons are used to
encode quantum information, this topological behavior provides much desired
tolerance of local perturbations and control errors [25]. In other words, anyons
create a degenerate coherence sub-space that can only be discharged when the
anyons are moved adiabatically around each other. Let us assume that we have
topological qubits where part of the quantum state is in point M, while the other part
is far away from M, in point N. Disturbances that occur at M and N would not
change the state of the qubits, unless there is a transfer of the qubit from one state
to the other state, such as N—M, or M—N. This ‘topological protection’ makes the
topological qubits promising for realizing quantum computation. Anynons are also
expected to have applications in quantum errors and quantum error corrections [25].

Naturally, the question arises about which systems could anyons be created in?
Several topological states that support anyons have been predicted. For example,
fractional quantum hall states that occur by interaction of cold electrons at very
strong magnetic fields, spin liquids generated by collective states of strongly
interacting spins, and topological superconductors (p-wave superconductors) in
heterostructures [25]. While natural p-wave superconductors are yet to be found,
topological superconductors can be engineered under certain conditions. For
example, when a spin-orbit coupled semiconductor [26], a topological insulator,
[27, 28] or a chain of a magnetic atoms [29, 30] is placed in the proximity of a
regular s-wave superconductor. According to a proposal made by Kitav [31], wires
made of the above materials in combination with s-wave superconductors can host
a pair of anyons, referred to as Majorana fermions at the ends of the wire which can
be probed by tunneling measurements. ‘Majorana fermions’ are a consequence of a
real solution to the Dirac equation [25]. The following ingredients have been put
forward for creating Majorana fermions in a nanowire based device [31-33]: (1) a
one-dimensional electronic system, ensures that only two Majorana fermions are
created at the ends of the wire (2) spin orbit interaction, mixes the spin up and down
(3) superconductivity, supply electrons with opposite spins. (4) Magnetic fields, lifts
the spin degeneracy. It is worth to point out that in order to achieve the realization
of Majorana modes, it is essential to choose suitable materials which ensure to fulfil
the above ingredients.
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1.5 Narrow bandgap III-V semiconductor nanowires

Semiconductor nanowires are a perfect platform for studying various interesting
quantum and topological phenomena [34-37]. Due to their low density of defects
and relaxed strain, growth of materials in a wide range of combinations and complex
structures can be achieved [38]. The quasi one-dimensional geometry of nanowires
allows for the creation of quantum dot systems by confining electrons via gate
electrodes [35]. On the other hand, core-shell nanowires have been gaining
attentions for studies related to quantum interference and quantum topology [39,
40].

Among other III-V compound semiconductor nanowires, a great deal of attentions
is paid to narrow bandgap nanowires like InSb and InAs because of their unique
transport properties, such as high electron mobility [41], large Lande g-factors [42,
43] and strong spin-orbit interactions [43]. The first InAs NW based spin qubits
were realized in 2010 by Nadj-Perge et al. [34] and subsequently with InSb NWs in
2013 by Van den Berg et al. [44]. Helical spin states were reported from
measurements with InSb NW devices [45], which is essential for quantum
information processing. Beside their ability to realize spin qubits, the combination
of strong spin-orbit interaction and the superconducting proximity effect, make
these nanowires promising materials to explore Majorana fermions and ultimately
topological qubits. So far, great efforts have been made to create Majorana fermions
with quantum devices made from InSb and InAs nanowires [36, 37, 46, 47].

1.6 Aim and content of this thesis

In this thesis, we aim at investigating charge transport in III-V narrow bandgap
semiconductor nanowires, especially we are interested in InSb, InAs and InP-InAs
core-shell nanowires.

To investigate charge transport properties of InSb nanowires grown by chemical
vapor deposition (CVD), we made field effect transistors with these nanowires and
performed electrical measurements for various temperature ranges in paper I. We
further extended our measurements with CVD grown InSb nanowires to
magnetoconductance measurements in quantum diffusive regime to explore spin
relaxation and spin-orbit interaction strength in paper II. A side gate technique is
developed and used to form both single and double quantum dots to study electron
transports in InSb nanowires quantum dots in paper Il and InAs nanowire double
quantum dots in paper IV. Low temperature electron transport properties of InP-
InAs core-shell nanowires are investigated in paper V.

This thesis is organized as follows:
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Chapter 2 describes material growth methods, device fabrication techniques and
measurement set up.

Chapter 3 describes charge transport in InSb NW field effect transistors. The
temperature dependent transport properties of InSb NW grown by chemical vapor
deposition are investigated. Field effect mobility for holes and electrons are
extracted and their dependence on temperature are explored. The bandgap of the
material is extracted. Dependence of off state current on channel lengths and
temperatures are studied.

Chapter 4 describes quantum diffusive transport in InSb nanowires. Magneto-
conductance measurements under low magnetic fields are performed. The
experimental results are interpreted using weak localization quasi 1D theory. Spin
relaxation length, phase coherence length, and spin-orbit strength are extracted.

Chapter 5 describes electron transport in single quantum dots. InSb nanowire single
quantum dots are defined by side gates. Various transport features from sequential
tunneling to higher order cotunnelings are investigated. Low temperature transport
properties of InP-InAs core-shell nanowires are also studied and Coulomb blockade
effect is observed from a quantum structure formed in core-shell nanowires.

Chapter 6 describes electron transport through a double quantum dot. A double
quantum dot is formed in InSb and InAs nanowires by side gates. Electron transport
in weakly coupled double quantum dots are studied. Pauli-spin blockade is
observed. Evolution of quantum states in Pauli spin blockade region with external
magnetic fields are investigated.
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Chapter 2
Materials and device fabrication

To make nanoscale devices, advanced nanofabrication techniques are essential. For
the devices studied in this thesis, we rely on sophisticated nanowire growth
techniques and art clean room facilities to make our nanowire devices. In section
2.1, we will briefly describe material properties and nanowire growth techniques. A
description of nanofabrication techniques used to make single nanowire devices are
included in section 2.2. In section 2.3, we will introduce the measurement set-up
used for low temperature electrical measurements on the fabricated devices.

2.1 Materials and growth techniques

Semiconductor nanowires are a perfect platform for optoelectronics and nano-
electronics due to their following advantages: First of all, carrier motion is limited
to the axial direction. Strong confinement in the radial direction of the nanowires
makes them attractive for studying quantum dot systems where dots can be formed
easily with various methods, such as electrical gating [35], and using different
crystal phase structures [48]. Secondly, the one-dimensional geometry of the
nanowire allows for combining complex device fabrication for making devices with
novel designs and gates. As examples, local bottom gates, top gates, and all-around
gate geometries. Thirdly, enhanced surface effects due to the small scale lead to the
formation of crystal structures which usually do not exist in their counterpart bulk
materials [49]. Finally, because of their small diameter, strain can be relaxed giving
access to combinations of materials in broader ranges in the growth process [38].
This applies to both axial growth of heterostructure nanowires and radial growth to
achieve core-shell nanowires [50-53].

Nanowires can be epitaxial grown by using several different growth techniques for
instance, metal organic vapor phase epitaxy (MOVPE), molecular beam epitaxy
(MBE), chemical vapor deposition (CVD) and chemical beam epitaxy (CBE). The
underlying mechanism for nanowire growth is the vapor-liquid-solid (VLS)
mechanism proposed by Wagner and Ellis in the mid-1960 [54]. The VLS
mechanism is based on the assistance of a metal catalyst in the growth process. In
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this mechanism, at high temperatures, a liquid alloy is formed by the metal catalyst
that absorbs vapor components. For some reason, the alloy gets supersaturated and
becomes a solution with higher actual concentration of the component than the
equilibrium concentration. This leads to precipitation of the component and it is
driven to the liquid-solid interface to achieve the minimum free energy of the alloy
system. Consequently, nanowires start to grow and continue their growth as long as
the vapor components are being supplied. Since, vapour (carriers of solid
components), liquid (catalyst alloy) and solid phases participate in the growth
process, it is called the VLS mechanism. A schematic illustration of the VLS
mechanism is shown in figure 2.1. The diameter of the nanowires is determined by
the size of the metal catalyst particles. In the following, we will describe some
growth techniques in which VLS is applicable and used to grow the nanowires
studied in this thesis.

Growth chamber

— e—
precursor

: ) S
=

Figure2.1: A schematic illustration of VLS mechanism for nanowire growth.

Chemical Vapor Deposition (CVD) The CVD contains a gas delivery system
to supply the precursors. Usually, either pure hydrogen H» or pure nitrogen N is
used as a carrier gas. The precursors are placed individually in the mixing chambers.
In the chamber, the precursors are first evaporated at high temperatures, then with
assistance of the carrier gas enter into the cell to be deposited on the heated substrate
by the chemical reactions occurring on or in the vicinity of the substrate. The CVD
enables epitaxial synthesis of InSb NWs. The growth rate can be varied with the
molar fraction of the I1I/V ratio which in turn depends on the type of precursors and
growth temperatures. CVD offers the possibility of synthesis of InSb NWs with
dimeters varying from below 10 nm up to tens of micrometres in lengths. For the
work in papers I and II we used CVD grown InSb nanowires to make the devices.
For more detailed descriptions of InSb nanowire growth with CVD we refer
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reference [55]. A SEM image of InSb nanowires grown by CVD is given in figure
2.2a.

Figure 2.2: (a) SEM image of InSb NWs grown by CVD, 80° tilted view. (b) SEM image of
InAs/InSb NWs grown by MOVPE, 30° tilted view. (c) SEM image of the InP-InAs core-shell
NWs grown by MOVPE. (d) SEM image of InAs NWs grown by CBE, tilted 30°.

Metal organic vapor phase epitaxy (MOVPE) it is the most versatile epitaxial
growth technique and can be used for large-scale systems. Similar to CVD, carrier
gases such as hydrogen are used in MOVPE systems. The precursors used in a
MOVPE system are generally an alkyl and a hydride for the III and V sources
respectively. The sources are usually kept in ‘bubblers’ at constant temperatures and
their flow rate can be controlled by the rate of hydrogen flow through the bubblers.
Before starting the growth, these precursors are mixed then introduced into the
reaction chamber by the carrier gas and directed onto the hot substrate where
chemical reactions occur. The growth process is controlled by the molar fraction of
the reactants and temperature. The InSb nanowires used for the work in paper 111
are grown by MOVPE on an InAs substrates. At first, InAs nanowires were grown
to form a stem, then changing the As source to Sb, the growth of InSb NWs is
achieved. The full descriptions of the InAs/InSb nanowire growth are given in ref.
[56]. In figure 2.2b, a SEM image of the InAs/InSb nanowires grown by MOVPE
are presented. The InP-InAs core-shell nanowires (figure 2.2¢) investigated in paper
V was also grown by MOVPE using a selective area growth method.
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Chemical beam epitaxy (CBE) Nanowires grown by CBE differ in many
aspects from the nanowires grown by other methods. CBE can be considered as
combinations of MOVPE and MBE. In contrast to MOVPE, the growth temperature
window is significantly broader [57] and no carrier gas is needed for a CBE system
[57]. In CBE, the metal-organic precursors can be directly introduced into the
growth chamber without a carrier gas. The nanowires grown by CBE can have the
following advantages: A high growth rate is expected due to ballistic mass transport
to substrate at low pressure. As a result, pure nanowires without any contamination
can be obtained. The ingredients for growth of the nanowires can be adjusted by a
digital mass controller. The InAs nanowires (in figure 2.2d) used for the studies in
paper IV were grown by CBE. Detailed discussions of InAs NW growth by CBE
can be found in ref [58].

Among III-V compound semiconductors, InSb NWs and InAs NWs are of great
interest to use in nanoelectronics and quantum information processing technologies
because of their unique transport properties. For examples, narrow bandgap, high
electron mobility, large g-factors and strong SOI. The strong SOI in these
nanowires, has drawn a lot of attention for using them in combination with
superconductors to create Majorana fermions [36, 46]. These nanowires also differ
from each other in some aspects, leading to separate considerations when they are
used to make devices and their transport features are investigated. InSb nanowires
have zinc blende (ZB) crystal structure [55], which is a face centred cubic (fcc)
structure with two different atoms, In and Sb, at each basis point. The crystal
structure of InAs nanowires can be either ZB or wurtzite depending on growth
conditions and nanowire diameters [59-60]. These two different crystal structures,
result in InAs nanowires having different band structures and bandgap energies.
Theoretical and experimental studies show that the bandgap of InAs NWs with WZ
structure have from tens of to hundreds of meV larger than that of InAs nanowires
with ZB structure. It was confirmed that, the InAs nanowires we studied in this
thesis exhibit the Wurtzite crystal structure.

2.2 Device fabrication

2.2.1 Preparation of device substrates

In order to fabricate nanowire devices, the nanowires will be transferred from the
growth substrate to a suitable device substrate which consists of bit markers and
metal electrode pads. The markers are required to define the nanowire coordinates
and to align the of electron beam lithography (EBL) processing. The metal electrode
pads are used to connect the fabricated devices to the measurement set-up via a chip
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carrier and aluminium bonding wires. A highly doped Si substrate covered with 100-
200 nm SiO; is used for the device substrate, which can serve as a global back gate
in combination with thin metal layers. In this subsection, we will describe how to
prepare a device substrate.

We used highly n-doped Si substrates covered with thermally grown 100-200 nm
thick SiO- to make device substrates. First, we begin to prepare the global back gate.
The front side of the wafer is covered with UV resist to avoid etching of SiO, while
the back side is being cleaned from the native oxide using HF, followed by a
deposition of Ti/Au (10nm/90nm) layers in the chamber of a thermal evaporator.
Next, electrode pads are defined via a UV lithography method. After development,
the sample is transferred to the thermal evaporator to deposit Ti/Au (10 nm/100 nm)
layers followed by the standard lift-off process. Finally, a set of grid and markers
are patterned with the following sequential steps of: EBL exposure, development,
oxygen plasma etching, deposition of Ti/Au, and lift-off. The images of a fabricated
device substrate (chip) is given figure 2.3.

Figure 2.3: Optical microscopy image of a device substrate (the left figure), SEM image of
the coordinate system (the right figure).

2.2.2 Fabrication of nanowire devices

Nanowire transfer

After having prepared the device substrates, the nanowires need to be transferred to
a device substrate (chip) to make devices. The nanowire transfer is done by using a
tissue, gently wiping it over the growth substrate and then over the device substrate,
where the nanowires will be deposited randomly on the chip. Sometimes for special
purposes, the nanowires are required to be transferred deterministically onto the
chip. This can be achieved with a wire deposition set up. This set up consists of an
optical microscope and an indium tip. A single nanowire on the growth substrate is
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identified by an optical microscope and removed from the substrate using the indium
tip. The nanowire can then be deposited at the targeted place on the chip. After that,
the nanowires are imaged using an optical microscope or scanning electron
microscopy to locate their coordinates for EBL exposures.

Preparation of contacts

Contacts to the nanowires can be made via a lift-off process as demonstrated in
figure 2.4. First the sample is spin coated with a positive resist, followed by baking
on a hot plate. The baking time and temperature are determined by the properties of
the resist. Next, the contact patterns are defined using EBL. Development is required
to dissolve the areas of the resist which were exposed by the electron beams. Further,
the samples are ashed by oxygen plasma ashing to remove the residual resist.
Nanowires have a thin native oxide layer on the surface, which prevents a direct
contact to achieve desirable contacts. Prior to deposition of metal electrodes,
therefore, the native oxide has to be removed. Concerning the nanowires we
investigated in this thesis, this can be achieved with two different methods, sulphur
passivation and dry etching. For the sulphur passivation method, the nanowires are
etched using a diluted ammonium polysulfide (NH4)>S« solution. The method is
more controllable, consequently the damage to the nanowires during the etching can
be reduced or avoided. The dry etching relies on bombarding the nanowires using
high energy ions, for example with argon [61]. An advantage of the argon etching
is that the metal electrodes can be deposited in the same chamber right after the
etching, avoiding the re-oxidation of the nanowires. The drawback is, the crystal
structure of the nanowires can be damaged during the etching. We used the sulphur
passivation method for all our devices studied in this thesis. An SEM image of an
InSb nanowire after the etching is given in figure 2.5a. After the etching the
nanowire, metal electrodes are deposited by using a thermal evaporator. Followed
by a lift-off process, the contacts to the nanowire devices are completed. One of our
global back gate devices with Ti/Al contacts to an InGaSb nanowire is shown in
figure 2.5b.

Preparation of gates

To locally control the electrical potential in the nanowires, either side, bottom, or
top gates can be used. The advantage of the side gates is that it can be done with
single lithographic step, together with forming of the contacts. However, due to the
poor dielectric permittivity of vacuum, the side gates have to be as close as possible
to the nanowire to achieve stronger gate coupling to the wires. We found better side
gate performance at less than 50 nm distance between the side gates and nanowires.
That demands precise EBL alignment and controls over the fabrication processing
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to prevent short circuiting between the side gates and nanowires. Making top gates
and bottom gates require use of dielectric materials. Aluminium oxide (A1203) and

Substrate Resist spinning EBL exposure

Lift-off Metal deposition Development

Figure 2.4: Schematic illustration of lift off process using electron beam lithography.

Figure 2.5: (a) SEM image of etched InSb nanowires by wet etching method described in the
text. (b) SEM image of InSb nanowire devices connected two Pd/Al contacts.

hafnium oxide (HfO,) are often used due to their high k values, which enable strong
coupling of the gates to the nanowires. The dielectrics can be deposited using atomic
layer deposition (ALD). Our fabrication procedure for top and bottom gates as
follows, after defining the gate patterns with EBL, a 10 nm thick HfO, layer grown
by ALD at 90 °C for either top gates or bottom gates. Due to step coverage of this
process, the lift-off becomes hard. To do the lift-off after the ALD deposition, the
sample is left in acetone overnight, followed by ultra sound at low power. Top and
bottom gates can also be done with a mask etching method, in which process the
entire chip is covered with oxide, then an etch mask is defined with EBL followed
by etching using hydrofluoric acid (HF) or dry etching with Argon ions to access
contact and bonding pads [62]. The top gates provide stronger coupling than the
other gate techniques. However, the drawback is the presence of pronounced charge
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trap states at the nanowire-dielectric interfaces. Choosing suitable dielectric
materials and reliable recipes are therefore, essential to have higher quality top
gates. Moreover, bottom gates can also be fabricated with a suspended nanowire
design. In that case, there is no need for dielectric materials. Thin metal stripes are
created with different heights using EBL and a metal evaporator. Transferred
nanowires onto the stripes are expected to be suspended, the patterns underneath the
wire can be used as gates. Figure 2.6 displays our fabricated devices with different
gate designs.

Figure 2.6: SEM images of InSb nanowire devices in different gate designs. (a) A top gate
device, 10 nm hafnium oxide was deposietd on the nanowire by ALD. (b) Two nanowire
devices with side gates coupled via a metal stripe. (¢) InSb nanowire suspended device with
two Ti/Au and one Ti/Nb contact. The wide and thin metal stripes have different heights to
suspend nanowire onto the wide metals while the thin stripes underneath the nanowire serve
as bottom gates.

Post-processing

After making the devices, in next step the chip is glued on a chip carrier using silver
paint. Connections between the devices and the chip carrier are done by using
ultrasonic wire bonding with an aluminium wire. For the devices with a global back
gate, care must be taken to avoid damage of the SiO» during the bonding to prevent
leakage currents from appearing between the contacts and the back gate. One of
bonded chips is shown in figure 2.7a.
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2.3 Measurement set-ups

Observations of quantum mechanical effects require low temperatures which can be
achieved in a dilution refrigerator. Most of the measurements described in this thesis
are performed in a dilution refrigerator with electron temperatures below 100 mK.
Figure 2.7b presents the dilution refrigerator used for the measurements discussed
in this thesis. Some components are required to connect the device inside the
dilution refrigerator to room-temperature measurement electronics. The bonded
chip on a chip carrier is loaded to the dilution fridge by using a sample holder of the
dilution fridge, figure 2.7c. Signal filters such as low-temperature RC-filters, room
temperature ni-filters are required to be installed inside the fridge to suppress noise
and accurately measure the small signals. As shown in figure 2.7d, for DC
measurements or low-frequency (50-100 Hz) AC measurements Yokawa, Keithley
voltage meters or a lock-in amplifier are used. The measurement set-ups
communicate with a computer via a GBIB interface. We used labview programs
developed by Cleas Thelender to run the computers for measurements.

Figure 2.7: (a) The device chip is glued on a chip carrier and bonded with Al wires to
electrically connect the device to measurements pads. (b) The picture of dilution fridge used
for the most of the measurements described in this thesis. (c) The sample holder of
the dilution fridge used to load the devices into the fridge. (d) Electronic set ups used
for the measurements.
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Chapter 3
InSb nanowire field effect transistors

3.1 Introduction

It has been challenging to grow thin and long InSb nanowires with the most common
growth techniques, like molecular beam epitaxy, chemical beam epitaxy and metal
organic vapor phase epitaxy. Because InSb has a low surface energy which leads to
InSb tends to float on top of the substrate. However, CVD can overcome these
challenges, resulting in the growth of InSb nanowires with a diameter of down to 5-
10 nm, and lengths of up to tens of micrometer [38]. The dimensions can play a
critical role for transport in mesoscopic systems. It determines what kind of
transport takes place in the system and therefore, the underlying physics could be
different. Quantum confinement in the transverse direction of a nanowire increases
as its diameter decreases. This leads to significant changes in their transport
properties like mobility, effective mass, bandgap and spin orbit coupling strength.
A comprehensive study of transport properties of InSb nanowires grown by CVD
has so far been missing.

In this chapter, transport properties of InSb nanowires grown by chemical vapor
deposition are explored by employing top gate field effect transistors. This chapter
begin with introducing physics of nanowire field effect transistors, followed by
discussions about experimental results.

3.2 Physics of nanowire field effect transistors

A nanowire FET consists of three terminals as presented in figure (3.1a): a gate
terminal that is electrically isolated from the nanowire by a thin insulating layer;
source and drain reservoirs connected to the nanowire. The nanowire length L
between the source and drain determines the transistor size and the ultimate speed
of the transistor. The conductance of the nanowire channel is controlled by the gate.
The operation principle of MOSFETs can be well explained by the height of an
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energy barrier in the channel, as illustrated in figure (3.1b). The voltage applied to
the gate modulates the barrier height by either raising or lowering it. In the case of
non-equilibrium, where there is a potential energy difference between the chemical
potentials of source and drain, when negative voltages are applied to the gate of n-
MOSFETs, the barrier height is high, and electrons are blocked from flowing
between source and drain in results the transistor is off. If positive voltage is applied
to the gate, the barrier is lowered, and electrons start to flow from source to drain,
the transistor will be in the on state. The drain current Ip of a MOSFET can be
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Figure 3.1: (a) Schematic illustration of a NWFET. (b) Top of the barrier model for a
conduction band of a MOSFET. The transistor consists of three capacitances to modulate
the channel charge. (c) Output characteristics of the MOSFETSs (d) Transfer characteristics
of the MOSFETSs.

illustrated by two different two-dimensional graphs as shown in figure (3.1¢c-d): in
the output character