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Abstract

In this thesis, I studied simple quantum dot (QD) systems defined
in CVD-grown single-walled carbon nanotubes (CNTs) coupled to super-
conductors, called hybrid dot systems, under the influence of magnetic
fields and temperatures. The goal of this project was to investigate these
systems behaviour in different couplings regimes, as well as laying the
groundwork for more interest in devices based on this material.

Devices in four different coupling regimes were fabricated and exam-
ined, all from the closed regime, where Coulomb blockade was found,
to the very open regime experiencing Fano resonances. In the two more
closed regimes, well-defined Coulomb diamonds were found, showing four-
fold degeneracy and clear sub-gap transitions originating from Yu-Shiba-
Rusinov (YSR) sub-gap states, indicating clear signs of both superconduc-
tivity and a QD. The dependence of magnetic field and temperature for
the superconductors was investigated thoroughly and fitted to BCS the-
ory. High critical values for the superconductivity were found for devices
with vanadium superconducting contacts.

For one device, a regime was found showing both Coulomb diamonds,
clear YSR sub-gap states and a strong zero-bias peak (ZBP) originating
from supercurrent, indicating an intermediate system of a closed and open
system. The YSR sub-gap states showed clearly that the coupling to the
leads was stronger than compared to the closed regime, as a clear singlet
to doublet transition was observed. The supercurrent had remarkably
high critical values as well, opening the road for future interesting studies
for of supercurrent in magnetic fields.

To conclude, these results offer a better understanding of how carbon
nanotubes coupled to superconductors behave, as well as proves the many
possibilities in CNT-based devices of rather simple geometry.





Acknowledgement

I would like to thank Jesper Nyg̊ard and Kasper Grove-Rasmussen for their
guidance and supervision of this work, together with their day-to-day assistance
with both theoretical understanding and practical issues. Thank you for always
taking the time out of your busy schedules to help me.

I would like to give a special thanks to Alexandros Vekris, especially for all
the laboratory work, he has assisted me with and taught me. Also special thanks
for his help with the micromanipulator and supercurrent fitting software. This
project would not be what it is today without him.

I would like to thank Juan Carlos Estrada Saldañda for his assistance and
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1 Introduction

Carbon nanotubes (CNTs) can be an ideal choice of material for fabricating
device for electron-transport measurements. In many ways they are similar
to III-V semiconducting nanowires, another excellent candidate. They, too,
are already one-dimensional conductors, so creating quantum dots only require
restriction in the longitudinal direction. However, for CNTs, additional gating is
rarely needed to form the quantum dot, as the resistance between the contacts
and the nanotube often can cause transport to be dominated by tunnelling
naturally. This keeps the device geometry more simple and leaves more room
for other developments.

1.1 Motivation

Over the last decade or so have the interest in nanostructure-based device
coupled to superconductors increased drastically and many interesting phe-
nomenons have been observed. The nanostructure is used for defining quantum
dots, and this quantum dot is then coupled to one or several superconduc-
tors. Hybrid devices are they called. Many of the interesting superconductor-
quantum dot phenomena appears inside the superconducting gap ∆, such as
Andreev bound states and Yu-Shiba-Rusinov sub-gap states. Aluminium has
often been used as the superconductor for hybrid devices in the past. Hybrid
dots phenomena have been investigated in different kinds of materials, but they
have never been studied in a large magnetic field. Specific superconductors
can withstand magnetic fields strengths, where the Zeeman splitting starts to
have a significant effect. If the superconductor at the same time have a large
superconducting gap, these sub-gap features would be easier to investigate. Su-
perconducting vanadium have a critical field around 3 T and a gap around 500
µeV, where aluminium only has about 150 mT in critical field and a gap at
around 110 µeV.1 This gives the opportunity of investigating superconductor-
quantum dot features all the way up to 3 T. The superconducting gap is also
large, so the sub-gap phenomena can be thoroughly investigated, but not larger
than the charging energy of a typical quantum dot.

For these reasons, this project investigates superconductor-quantum dot-
superconductor (S-QD-S) devices based on carbon nanotubes, where the super-
conducting contacts are made of vanadium. A device with aluminium-leads will
also be presented. Through the gate-voltage tunable quantum dot, different
regimes arising in these systems can be investigated and can be used to study
the hybrid system phenomena. Which regimes that occur in a device depend on
the coupling to the superconducting contacts. Therefore several devices will be
presented in different coupling regimes. Thorough investigating of the magnetic
field and temperature dependence will also be in focus, as these systems have
high critical values. As devices of this S-QD-S geometry also constitutes as a
Josephson junction with a quantum dot as the weak link, the possibility to see
a regime showing both Coulomb blockade and supercurrent is present. This

1



would give a device with a high degree of control over the occupation on the
quantum dot together with a non-dispersive current through the device.

Throughout this work, there will also be presented interesting geometries
and findings in III-V semiconducting nanowire-based systems and how some of
these systems also can be carried out using carbon nanotubes. This project will
show many of the possibilities with just simple CNT-based hybrid devices and
hopefully spark more interest in the material as a base for new and interesting
systems.

1.2 Thesis outline

After this introduction, chapter 2 will go over the basic concepts and theory of
essential importance for understanding and interpreting the findings. These will
include the material in focus, the carbon nanotube, together with the concept
of quantum dots and superconductors. The last two will be merged together
in the last part of chapter 2, where hybrid systems will be reviewed. Here, the
most interesting hybrid dot phenomena in this context will be presented and
finished with a short summary of the current state-of-the-art for the field.

In chapter 3, the fabrication and experimental part of the work will be
presented. The fabrication part is essential for this project, as it has been a
major part of the work, together with it including many of these state-of-the-art
techniques, such as electron beam lithography and chemical vapour deposition.
The primary struggles of the fabrication will also be reviewed, together with the
different choices made throughout the work. Lastly will the experimental part
be covered.

In chapter 4, the results will be presented and the findings will be inter-
preted. This will include superconductor characterization, addition energy anal-
ysis, magnetic field and temperature dependences and hybrid dot phenomena.
Each device or regime have its own section, where each ends with a short sum-
mation and conclusion. Four regimes will be presented, all ranging from the
closed regime, where Coulomb blockade is observed, to the open regime, where
supercurrent and Fano resonances lives.

The main text ends with chapter 5, which contains the conclusions and
perspectives of this work.

After chapter 5, the appendix will be found, where former projects, addi-
tional measurements and highly-detailed fabrication protocols can be found.
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2 Theory

This chapter will go over the fundamental concepts of physics and nanoscience
encountered throughout this work. These concepts include quantum dots, su-
perconductivity and of course the material in focus, the carbon nanotube. The
perspective will be on an experimental point of view to give insight and under-
standing to the analysis and conclusion yet to come.

2.1 Carbon Nanotubes

In this section, the main material of this work, the carbon nanotube (CNT),
will be the focus. These nanotubes are a material of pure wonder and interest,
currently having the record for the strongest material in the world, in terms
of tensile strength. They can be used for so much, everything from electronic
components to strengthening a tennis racket or a bicycle.

The list is so long that it is impossible to cover it all in this thesis, so the
focus will be on the parts that are most important for the following subjects of
this thesis, and maybe a few simply interesting topics.

Let’s start with the smallest part of the carbon nanotube, the structure.

2.1.1 Structure

Carbon nanotubes (CNTs) are an allotrope of carbon, which means it is one
of the forms the element can take. Other forms include graphite, diamond and
graphene. CNTs consist of only carbon atoms bound together in a hexagonal
lattice forming a cylinder structure. They have much resemblance to seamless
rolled-up graphene sheet, both in physical and electronic structure. However,
they have different properties depending on the direction the sheets are rolled
and their diameter, giving the electronic structure of CNTs either metallic or
semi-conducting properties.2

Since there are infinitely many ways to roll up a sheet of graphene, there are
just as many different structures of nanotubes. They are most often defined by
their chiral vector C, which is a vector connecting two lattice sites superposed
onto each other from different ends of the sheet. One could see it as taking two
points in the sheet and rolling it in such a way that the points lie on top of each
other. This is illustrated in Fig. 2.1.

The chiral vector is defined as:

C = na1 +ma2, n > 0, n/2 < m ≤ n (1)

where a1 and a2 are the graphene basis vectors (also shown in Fig. 2.1) and
n and m are integers. The integer m is defined this way to avoid labelling the
same structure twice.3

The structures of CNTs can be divided into three categories: armchair (m =
n), zigzag (m = 0) and chiral structures (m 6= 0,m 6= n).
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Figure 2.1: Schematic illustration of carbon nanotube structure represented by
the chiral vector C and the ”rolling” of a graphene sheet into a carbon nanotube.
The figure is adapted from Rahim Ghayour and Pakkhesal .4

2.1.2 Electronic properties

As pointed out above, the structure of a carbon nanotube can differ much from
one to the other. Their structure determine how their electronic structure will
be. Carbon nanotubes can be several different types of conductors, all from
semiconductors to metallic and all in-between. The different types of CNTs
have separate gate-dependence and CNT-based devices differ therefore much
depending on the structure of the CNT.

A type of CNT of great interest is the narrow-gap CNT, which is an interme-
diate of the two extremes, metallic and semiconducting.3 They typically have
a band gap of the order of 101 meV. Here, gate-controlled devices are possible
to make, since there is a gate-dependence (at least a small one), while avoiding
the low carrier density for semiconducting nanotubes. The metallic nanotubes
would not have a gate-dependence and might therefore be difficult to control.

One aspect where CNTs differ from most other materials, such as nanowires,
is that the electrons in CNTs move along the outside surface of the CNTs, in
either clockwise or counter-clockwise directions. This orbital movement inter-
acts with the spins of the electrons, giving CNTs a high spin-orbit coupling,
which makes them ideal for studies involving magnetic fields due to the Zeeman
energy:

EZ = gSµBsB‖ (2)

where s = ±1 denotes the two spin-directions of the electrons with respect to
the CNT axis, gS is the g-factor (gs ≈ 2 for a free electron), µB is the Bohr
Magneton and B‖ is the strength of the magnetic field parallel to the CNT. If
we take the energy of the orbital movement into account:

Eorb = ∓τµorbB‖ (3)

where τ indicates the direction of the orbital movement and µorb is the magnetic
moment of the orbital movement. The total energy of the parallel magnetic field
is:

Etotal = EZ + Eorb = (sgs ∓ τgorb)µBB‖ (4)
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where gorb = µorb/µB is the orbital g-factor. This equation gives rise to two
double-degeneracies, one from the two spin cases and one for the two directions
of rotation.5 In the case of a perpendicular magnetic field, the direction of
rotation is perpendicular to the field and will wherefore not cause a splitting in
energy.

2.1.3 Synthesis of Carbon Nanotubes

Chemical vapour deposition (CVD) can be used for creating various different
materials, all from Silicon dioxide (SiO2)7 and Titanium Nitride (TiN)8 to differ-
ent allotropes of carbon such as diamond,9 graphene10 and nanotubes.11 In this
thesis, catalyst-assisted CVD was used for synthesising CNTs, using a Fe(NO3)3

catalyst as base.6

There are many forms of CVD processes, all designed for different material
growths. The process used in this thesis works by applying a volatile gas (called
a precursor) onto the substrate and warming the gas up to a point where it splits
into its components and can react with the substrate (it becomes a plasma). The
source of the material comes from this volatile gas, for instance methane. When
growing carbon-based structures, the carbon-source gas will split into carbon
and hydrogen and flow into the substrate surface. Here, the carbon will react
with the catalyst and start forming the structure, the carbon nanotubes. This
process will continue for as long as the carbon-source precursor is applied.

When using methane as a carbon source, hydrogen gas is needed to promote
carbon deposition on the substrate and to corrode amorphous carbon atoms.
The H2 gas works as a reduction agent, essentially reducing the surface energy.12

But excessive amounts of hydrogen atoms can also corrode the CNTs. As a
result, the integrity of the crystal lattice is destroyed, and the quality of the
nanotubes are deteriorated. So if the flow ratio of methane and hydrogen are
not appropriate, it might cause undesirable results.

The precursor and hydrogen are carried by a inert carrier-gas, which here is
argon. The process is illustrated in Fig. 2.2.

Figure 2.2: Schematic illustration of the process of CVD. Hydrogen is also
applied to the gas flow, and the values for the pressure gauge can be seen in
Fabrication Protocol C.4. The figure is adapted from Sivakumar et al.13
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2.2 Quantum Dots

In this chapter, a short presentation of some basic principles behind the quantum
dot is covered to give a general idea of how to interpret the results.

2.2.1 The basics

It can be difficult to imagine a zero-dimensional conductor, but that is essentially
a quantum dot (QD). It may be easier to see them as single-electron transistors,
since they can be tuned by a gate to only allow one electron at the time to pass
to and from the conductor, as shown in Fig. 2.3. It can also be seen as an
artificial atoms, since they too have discrete energy levels.

A quantum dot is a small restricted section of conducting material experi-
encing current blockade. The QD is so small that the capacitance on the dot
gives rise to discrete electrochemical potentials. The spacing between these elec-
trochemical potentials is the needed energy to add an electron to the dot, known
as the addition energy, Eadd. This energy consists of two parts: the charging
energy, U, a classical energy which comes from the repulsion between the elec-
trons already on the QD, and the level spacing, ∆E, a quantum mechanical
energy which comes from the difference in spacing between the different levels
(a more thorough explanation is given later in section. 2.2.2).

Then the addition energy Eadd is larger than the energy of an new electron
trying to access the QD, the transport is prevented and the current through
the QD is zero. This phenomenon is called Coulomb blockade. For Coulomb
blockade to appear, certain criteria must be met.

The first is bound to the word ”restricted”. The QD needs to have energy
barriers surrounding it that are high enough for the transport to be dominated
by tunnelling. This criteria is met by having a tunnelling resistance RT larger
than the resistance quantum, h/e2: RT > h/e2

The second criteria is that the dominating energy in the system should be
the charging energy U = e2/C, where C is the capacitance of the dot. This
means that the charging energy has to be larger than the energy provided by
the bias between the source and the drain contacts: eVSD, and the energy from
thermal fluctuations: kBT : U > eVSD, U > kBT

To achieve the last part, the QD most generally has to be cooled down to
cryostat temperatures, but other cases has been shown, for instance by Giacomo
et al.14 who created room-temperature quantum dots using C60 molecules and
a mechanical break-junction.
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S DDot

Vg

Figure 2.3: Schematic illustrating transport through a quantum dot. The quan-
tum dot (Dot) is weakly coupled to the source (S) and drain (D) contacts,
causing transport to only occur through tunnelling. The gate potential (Vg) is
used to shift the discrete energy levels of the dot.

In a carbon nanotube, the electrons are already restricted to one dimension,
so only longitudinal confinement through tunnel barriers are needed to create
the opportunity for a quantum dot.

By cooling such a device down to or below 4 Kelvin and applying a low
bias, Coulomb blockade can be seen. Due to the electrochemical potentials of
the electrons on the CNT being discrete, they can be deduced and examined,
making the QD a probing device for the electronic states of the CNT.

2.2.2 Controlling the Quantum Dot

In a simple QD, there are two controlling units, just like in a transistor. There
is the bias from the source to the drain contacts, going across the quantum dot,
VSD and there is the local gate potential used to tune the QD, Vg. Then the
gate is capacitively coupled to the quantum dot, the energy levels on the dot
can be moved together up and down in energy, giving the user an electrostatic
control over the electron transport. This control is schematically shown in Fig.
2.4. The schematics show energy with respect to its position x of the system.
The blue columns represent the tunnel barriers, the grey columns represent the
continuum of electrons in the contacts and the dashed line represents the Fermi
energy, EF , the energy of the highest occupied state. In between the tunnel
barriers are the discrete energy levels of the quantum dot, here represented as
electrochemical potentials µ(N). The difference in electrochemical potential is
the addition energy, the energy needed to add the N’th electron (or charge in
general). A electrochemical potential is the difference in total energy of the
N-electron and the (N-1)-electron situation:

Eadd = µN − µ(N−1) (5)

Several electrochemical potentials are shown in Fig. 2.4 around the number
of electrons occupying the QD, N , separated by the addition energy, which is
either the charging energy U (Fig. 2.4a) or the charging energy and the level
spacing, U + ∆E (Fig. 2.4b). The electrochemical potentials of the source
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µS and the drain µD is also shown and the difference between them can be
controlled by the bias applied to the system, as seen in Fig. 2.4c.

If there is no electrochemical potentials between µS and µD, i.e. the bias is
low, no current will pass through the QD and Coulomb blockade is achieved, as
shown in Fig. 2.4a. This can be done either naturally by the QD or tuned by
the local gate.

The spacing between these electrochemical potentials was, as stated earlier,
the addition energy Eadd. One contribution to this energy was the charging
energy U, which came from the repulsion of the electrons already on the QD. But
the Pauli Exclusion Principle allows two electrons of opposite spins to occupy
the same state. So when a even number of electrons occupy the QD, the energy
needed to add the next electron would also include the level spacing, ∆E, since
the electron needs to occupy a new ”orbital” as in an atom. This is illustrated
in Fig. 2.4b.

If a voltage difference is applied to the source and drain contacts, transport
can occur, if the difference is large enough to include a unoccupied state, as
illustrated in Fig. 2.4c. The maximum energy needed to put an electron on the
QD through a bias is the addition energy Eadd. So it is possible to probe the
energy directly by using the bias as as an energy probe:

Eadd = e∆VSD (6)

where ∆VSD is the difference in bias and e is the elementary charge.
Another way to turn on the transport is by altering the gate potential, Vg,

effectively shifting the electrochemical potentials on the dot, so one corresponds
to the bias window, as shown in Fig. 2.4d. This will bring the energy level into
resonance with the source and drain potentials, thereby allowing the energy
level to be occupied by an electron from the source and let it leave the dot to
the drain again through tunnelling.15

However, the gate cannot be used as a direct energy probe, since it is only
electrostatically coupled to the QD, giving it a coupling factor α. The addition
energy would therefore be represented by the gate voltage as:

Eadd = αe∆Vg (7)

where ∆Vg is the difference in gate potential and α is the coupling factor.
The transports showed in Fig. 2.4 is only first-order tunnelling processes,

where an electron performs two sequential elastic tunnelling events. Other pro-
cesses can occur, such as co-tunnelling processes. These processes can also
include two tunnelling events, but via a non-resonant intermediate state , i.e.
there is no available electrochemical potential, as there is in Fig. 2.4c. The
second tunnelling event therefore has to occur within a very short time span
for energy to be conserved and thereby returning the QD to the same state
as before the first event. This is what is called elastic co-tunnelling. Inelastic
co-tunnelling is where the electron is left in an excited state, or it started in an
excited state and ended up in the ground state. These co-tunnelling processes
only occur at finite source-drain bias.16
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Figure 2.4: Energy diagram schematics of quantized transport through a quan-
tum dot under different circumstances. The metallic reservoirs (grey bars) are
filled up to the electrochemical potentials of the source (µS) and drain (µD)
contacts. The blue bars represent tunnelling barriers.
a) Current blockade is experienced with a singlet occupying the highest filled
state of the QD. The number N-1 corresponds to a odd number of electrons,
causing the addition energy of the QD to be the charging energy U . No states are
available for transport at the Fermi energy, and the bias is zero, since µS = µD.
b) Current blockade is experienced with a doublet occupying the highest filled
state of the QD. The number N-1 corresponds to a even number of electrons,
causing the addition energy of the QD to be U + ∆E. No states are available
for transport at the Fermi energy, and the bias is zero, since µS = µD
c) One way to activating transport through the QD is by applying a voltage
difference between the source and drain contacts, VSD 6= 0, µS 6= µD, large
enough for the bias window to include an unoccupied energy level on the QD.
d) Another way of activating transport through the QD is by gate tuning, shift-
ing all the energy levels on the QD by α∆Vg, where α is a coupling coefficient.
When an energy level on the QD corresponds to the Fermi energy, transport
occurs.
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2.3 Fano Resonances: The Ghost in the Shells

This section will go over Fano Resonances as a concept, but only shortly, since
it was not the main focus of this work.

Fano Resonances (FRs) arises from a interference of a resonant, coherent
channel and a non-resonant incoherent channel.17 This could be, for instance, a
QD parallel to a one-dimensional conducting channel, a quantum point contact
(QPC). This can also arise from two different QD being coupled to a reser-
voir with varying coupling parameters. However, when these two QDs coupling
parameters are symmetrical, the anti-bonding state would be completely un-
coupled from the reservoir, which is the phenomenon what has given rise to the
name ”ghost”.18 But this is just a fun side note and has nothing to do with the
systems of this work.

For a transport measurement, the energy-dependent conductance G(ε) of a
FR can be written as:17,19

G(ε) = Gnonres +Gres
(ε+ q)2

ε2 + 1
, ε ≡ 2(E − E0)/Γ (8)

where Gnonres represents the incoherent contribution to the conductance, Gres
represents the coherent contribution, E0 is the detuning parameter for the en-
ergy to the center of the resonance and Γ denotes the width of the resonant
state.

The value for q describes the shape of the resonance and is therefore the
so-called asymmetric parameter, and its magnitude is proportional with the ra-
tio of the transmission amplitude of the coherent and incoherent channels. The
value of q can lead to three different shapes, where only one is asymmetric.
The limit of q → ∞, where the resonant transport dominates, gives rise to a
symmetric peak resonance, while the other limit, q → 0, where non-resonant
transport dominates, gives rise to a symmetric dip. All values of q in-between
gives the characteristic asymmetric shape of a FR. These three cases are shown
in Fig. 2.5.
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Figure 2.5: A schematic representation of Fano resonances in conductance (G)
from Eq. 8 as a function of the energy-dependent parameter ε, at different
values for q.

As stated earlier, FRs arises from the resonance of two different transports,
for instance a QD and a QPC. This would not be an unreasonable approximation
for a CNT-based device, since there is a fourfold shell pattern in a single-walled
CNT, as shown in Eq. 4, which makes it possible for such an interference to
occur within itself. Here, one or several channels could have been fully restricted
to a QD, while the others (or just one) were conducting as a QPC. Another
possibility is that the case is not a single-walled CNT, but a multi-walled, and
that they each transport charge differently. But if one works out of a model
with only a single quantum dot, the interference path becomes unclear, since
the non-resonant channel is not obvious. However, the non-resonant channel
can come from a direct transmission between the open source and open drain
contacts with the resonant state localized in the quantum dot. FRs can be seen
as asymmetric line profiles in a dI/dV bias spectra, as seen later in Fig. 4.11.
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2.4 Superconductors

In this section the theory of superconductors will shortly be presented, which
will lead to a better understanding of the principle of hybrid systems.

Superconductors are materials that can experience superconductivity, a phe-
nomenon discovered in early in the 20th century. Superconductivity is then the
electrical resistance in a conductor becomes zero under a certain characteristic
temperature, called the critical temperature Tc. Superconductors also experi-
ences the Meissner effect, which is where all magnetic fields is expelled from the
conductor, making the material a perfect diamagnet. A magnetic field therefore
cannot penetrate the superconductor as long as the magnetic field strength does
not excel a critical value Hc.

2.4.1 The Bardeen-Cooper-Schrieffer Theory

The Bardeen-Cooper-Schrieffer (BCS) theory was first proposed in 1957 by John
Bardeen, Leon Cooper and John Schrieffer.20 This theory describes supercon-
ductivity as a microscopic effect happening in a conductor then certain criteria
are met. An approximation can be made in a normal conductor when describ-
ing the electrons movement as they do not feel the repulsion from each other.
In a superconductor, this approximation breaks down, since the electrons will
attract each other due to an interaction mediated by the lattice of positive ions.
Two electrons of opposite spin and momentum will condensate through this at-
traction into a Cooper Pair (CP),21 a zero-spin particle (boson), breaking the
Pauli’s exclusion principle, allowing them to condensate into a single energy
level.

These Cooper pairs (CPs) can carry a finite current with zero electrical
resistance, giving the perfect conductor.

Through this interaction, the BCS theory describes the ground state as:22

|BCS〉 =
∏
~k

(uk + vkc
†
−~k↓

c†~k↑
) |0〉 (9)

where |0〉 is the vacuum state and ~k is the momentum. The value for |uk|2
describes the probability the pair (~k ↑,−~k ↓) is being unoccupied (meaning no
CP), while |vk|2 describes the probability of the pair being occupied (a Cooper
pair is formed). This means that they should be normalized, |uk|2 + |vk|2 = 1,
since they describe the probability of whether a CP state is occupied or not.

In Fig. 2.6, the density of states (DOS) with respect to energy for a normal
metal and a superconductor is shown. This is often referred to as the band
structure. The band structure determines, whether a material is an insulator, a
semiconductor, a metal, a superconductor and the like. The Fermi energy, EF ,
describes the highest occupied state in the material. Only for a metal lies EF
within a band, so the band is only partly filled, and no excess energy is needed
to fill additional states. For all other materials, EF lies in between the bands
in a band gap with no available states to occupy and therefore requires excess
energy to access the next unoccupied state.
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A superconductor differs slightly from this category. They do have a region
with no available states called the superconducting gap, ∆, centered around
the Fermi energy. In the middle of the gap at the Fermi energy, CPs exists,
as shown in Fig. 2.6. The number of states has to be conserved, so when
the transition from a normal conductor to a superconductor occurs, the states
inside the energy gap ∆ are ”pushed” towards the edges of the gap due to the
formations of CPs at the Fermi energy. This gives rise to a higher density of
states at the edges of the gap, as seen in Fig. 2.6. The energy needed to ”break
up” a CP and excite one to the next unoccupied state is ∆. Such a particle is
called a quasiparticle. These quasiparticles are very electron-like23 (or hole-like,
depending on energy) and has the same elementary charge, e.

EF

E

DOS

∆

-∆

E

DOS

EF

a) b)

Figure 2.6: A schematic representation of the density of states (DOS) with
respect to energy for a) a normal metal and b) a superconductor. For the normal
metal, the Fermi energy, EF , lies within a band. For the superconducting
material, when it is below a critical temperature TC , the material undergo a
transition from a normal metal into a superconductor, which has an energy gap
of 2∆ with no available states in it. Cooper pairs are formed at the Fermi
energy, represented by ↑↓.

2.4.2 Temperature and Magnetic field dependencies

The transition to and from the superconducting state of matter depends on
temperature and magnetic field, as stated before.22 There are two types of
superconductors: Type I is where the transition from a superconductor to a
normal metal induced by a magnetic field is sudden at the critical field HC ,
while Type II is where the magnetic field can partially penetrate at a value Hc1,
not breaking down superconductivity completely, before it reaches the second
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critical field value, Hc2. This is illustrated in Fig. 2.7. Both types have been
used in this work.

A magnetic field cannot enter a superconductor, as illustrated in Fig. 2.7a,
because the superconductor repels it, making it a perfect diamagnet. This
phenomenon is called the Meissner effect.20

Type II superconductors can let the magnetic field partly enter it, and can
therefore often withstand a higher magnetic field than Type I, without losing
the superconducting properties, as illustrated in Fig. 2.7b. This would make it
possible to examine phenomenons at high magnetic fields, such as state splitting.

The last part of the theory shown in Fig. 2.7 is that the superconductor
exhibit no electrical resistance, when H < HC and T < TC . This is because
all the Cooper pairs are in the same ground state and the exited states are
forbidden, as long as the Cooper pair is unbroken. The energy needed to break
the pair and excite a quasiparticle out of the superconducting gap is ∆. The
Cooper pair transport therefore experience no energy loss, resulting in perfect
conduction.

Figure 2.7: A schematic representation of the two types of superconductors, a)
Type I and b) Type II. Type I has a sudden transition from the superconduct-
ing to the normal conducting state when a magnetic field with a certain field
strength, Hc, is applied. Type II undergoes a mixed state of matter in-between
the two states, when the magnetic field strength is between Hc1 and Hc2. The
figure is adapted from Ballestar A. et al.24

According to the BCS theory, when the temperature are close to the critical
temperature Tc, the temperature dependence of the superconducting gap ∆ is
given by the formula:22

∆(T )

∆(0)
≈ 1.74 ∗

√(
1− T

Tc

)
, T ≈ Tc (10)

where Tc is the critical temperature shown in Fig. 2.7 and ∆(0) is the value of
the superconducting gap at 0 K.

The magnetic field dependence of the superconducting gap ∆ is given by the
formula:22
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∆(B) = 1−
(
B

Bc

)2

(11)

where Bc is the critical field shown in Fig. 2.7.

2.4.3 Josephson Junctions and supercurrent

The Josephson junction (JJ) is a system of two superconductors connected by
a small weak link of non-superconducting material.22,25 This weak link can be
made of several different materials, such as insulators or semiconductors. A
typical Josephson junction can be seen in Fig. 2.8.

Introducing a non-superconducting material in between two superconductors
will give rise to a phenomenon called the DC Josephson Effect, where a current
flows through the junction without applying a voltage. This current is called a
supercurrent. At zero bias, it is described as:22

IS = ICsin(∆φ), ∆φ = φ1 − φ2 (12)

where IC is the critical current and ∆φ is the difference in phase across the
junction. The critical current is the maximum supercurrent that the junction
can support, and as seen in Eq. 12, this happens at ∆φ = π/2

If a voltage difference was applied to the junction, the phase difference would
change according to another effect, called the AC Josephson Effect. This change
in phase difference is describes as:22

d(∆φ)

dt
=

2eV

h̄
(13)

where e is the elementary particle charge and h̄ is the reduced Planck’s con-
stant. This evolution of phase difference would lead to an alternating current
of amplitude IC and frequency ν = 2eV/h̄, which is why it is called the AC
Josephson Effect. The energy of the frequency hν, where h is Planck’s con-
stant, corresponds to the energy of the Cooper pair transported through the
junction.

Weak linkSuperconductor
 φ1

Superconductor
 φ2

Figure 2.8: A schematic representation of a Josephson junction (JJ) circuit. A
current source is applied to the JJ. The superconductors have the phases φ1 and
φ2, respectively. The weak link can be made by different means, for instance a
metal, an insulator or a constriction.
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2.5 Hybrid system

When someone is referring to ”Hybrid systems” or ”Hybrid devices” in this
context, what is meant is the combination of nanostructures (such as quantum
dots) and superconductors. This could for instance be a quantum dot coupled
to one or two superconducting leads. Hybrid systems based on CNTs are the
main focus of this research.

As stated in section 2.4.1, the density of states for a superconductor is dif-
ferent from a normal metal, as seen in Fig. 2.6. Instead of a continuum of
states with the Fermi energy lying in the middle of a band, the superconduc-
tor has a energy gap of width 2∆ with sharp coherence peaks at the edges of
the gap, at ±∆, together with condensed Cooper Pairs at the Fermi energy.
These features are what is exploited in hybrid devices. For instance, instead of
having metallic electrodes, these coherence peaks at ±2∆ can be used as high-
resolution probes.26 But this is not the only reason for using superconductors
as contacts to nanostructure systems. Several different phenomenons can occur
in such hybrid systems, such as Andreev Reflections and Yu-Shiba-Rosinkov
sub-gap states. Some of these hybrid system phenomenons will be discussed in
the following sections.

2.5.1 Andreev Reflections and Bound States

Current in a superconductor is carried by Cooper pairs, which consist of two
electrons of opposite spin and momentum. Current in normal conductors are
carried by electrons and in semiconductors, it can be either electrons or holes.
But how would the transmission from one carrier type to a superconductor be?
Single particle transmission is forbidden within the superconducting energy gap
∆ due to the formation of CPs in the superconductor.

The Russian physicist Alexander Andreev found that at the interfaces be-
tween superconductors and normal conductors, a new type of particle scattering
occurred, which essentially converts a normal current to a supercurrent.27 The
scattering process involves an electron with energy below ∆ at the interface to
the superconductor. The electron can be transfered into the superconductor
by forming a CP inside the superconductor and in the process reflect a hole
of opposite spin and velocity, but with equal momentum,28 as illustrated by
Fig. 2.9a. The other electron in the formation of the CP comes from the other
side of the Fermi energy, EF . This process whereby transfers twice the many
charges, since an electron was essentially transmitted as a CP, and also works
with holes, which reflects electrons. So if a systems consist of a Josephson
junction (JJ), where there are superconducting interfaces on both sides of the
normal- or semiconductor, this process can happen at both of them, leading to
two other processes: Andreev bound states and multiple Andreev reflection.

Multiple Andreev reflections (MAR) are a process, where a small bias can
be used together with subsequent Andreev reflections to overcome the energy
gap and transmit a CP from one superconductor to another.15,29 The process
occurs at biases V = 2∆/n, where ∆ is the superconducting energy gap and n
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is an integer number, which represent the number of reflections. The charges in
the process ”gains” 2∆/n meV for each reflection, so when n reflections have
occurred, the incident charge ”gained” 2∆ in energy and can therefore reach the
unoccupied states of the opposite superconducting lead. An illustration of such
a process is shown in Fig. 2.9b, for n = 3. However, it is not the same charge
that is transported back and forth, as the charge forms a CP by reflects another
charge of opposite sign, spin and velocity. This transport process therefore
includes several charges. This kind of process has previously been seen in CNT
based hybrid devices15 and was therefore a possibility to observe in the devices
fabricated through this project.

Andreev bound states (ABS) are a process also occurring at biases below
the superconducting gap ∆, where electrons and holes of opposite spins and
velocities, but with equal momentums, are forming a resonant standing wave28

via Andreev reflections. Such a process is illustrated in Fig. 2.9c. These ABS
creates discrete levels within the superconducting gap and can therefore form
sub-gap states,21 as their excitation energies lies lower than the superconducting
gap.30 This process of ABS has previously been seen in CNT based hybrid
devices28 and was therefore also a possibility to observe in these.
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Figure 2.9: Schematic representation of transport from transports based on
Andreev reflection. a) Transport through Andreev reflection (AR), where the
incident electron is reflected as a hole at the interface with the superconductor
and creates a Cooper pair. The reflected hole has the opposite spin and velocity,
but with the same momentum for energy conversion, which is why the reflec-
tion occurs around the Fermi energy. b) Transport through multiple Andreev
reflection (MAR) at a finite bias V = 2∆/n, here illustrated with n = 3 . The
incident electron starts from the continuum in the left lead, travelling towards
the right interface, where an AR occurs around the Fermi energy in the right
lead. The hole from the first AR performs another AR around the Fermi en-
ergy of the left lead, reflecting an electron, which now has sufficient energy to
reach the empty states of the right lead. c) Transport through Andreev bound
states (ABS) at energies below the superconducting gap. The electrons/holes
are reflected via Andreev reflections and they together form a standing wave,
creating discrete energy levels within the superconducting gap.
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2.5.2 Yu-Shiba-Rusinov sub-gap states

Another type of sub-gap states in a hybrid device is Yu-Shiba-Rusinov (YSR)
sub-gap states. These arises from superconductors coupling to a magnetic impu-
rities in the system,29,31 such as a quantum dot with an odd number of electrons
coupled to a superconductor. In a normal quantum dot, the odd occupation
forms a doublet, |D〉, while the even occupation forms a singlet, |S〉, but this is
not necessarily true for a QD coupled to a superconductor. Then the supercon-
ductor and the QD is coupled, these sub-gap bound states occurs symmetrically
around the Fermi energy of the superconductor. They can be probed by a nor-
mal metal or another superconductor, as illustrated by the asymmetric barriers
in the density of states illustration in Fig. 2.10a and 2.10b, respectively. The
figures show the superconducting lead (right) coupled to a QD with a charging
energy larger than the superconducting gap ∆ and occupied by an odd number
of electrons (N is even). Inside the gap, shown in the QD, these symmetrical
YSR sub-gap states have emerged with excitation energies represented by ζ.
The sub-gap states measured by probing with a normal metal would take the
form shown in Fig. 2.10c. The excitation energy ζ is dependent on the backgate
potential, as the electrochemical potentials on the QD. As the occupation of the
QD changes, i.e. the electrochemical potential on the dot aligns with the Fermi
energy of the normal lead, the excitation energy ζ is pushed toward the Fermi
energy of the superconductor coupled to the QD, which causes the YSR sub-gap
states to occur at zero bias. The same is true when probing with a supercon-
ductor. However, the notable difference with probing with a superconductor
instead of a metal, is that due to the superconducting energy gap from both
the superconducting leads, a bias of VSD = ∆/e is needed to align the occupied
states from the source with the Fermi energy of the coupled superconductor,23

as illustrated in Fig. 2.10b. This causes the YSR sub-gap states to be separated
from zero bias by 1∆, illustrated by the energy probing diagram in Fig. 2.10d.

This has been shown before in a superconductor-double QD-superconductor
system based on an InAs semiconductor nanowire device.32
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Figure 2.10: a) Schematic representation of the density of state for a YSR
system probed by a normal metal. The YSR sub-gap states are represented by
ζ (red peaks) and is symmetrical around the Fermi energy, EF . The highest
occupied state of the normal probe is aligned with a YSR sub-gap state. The
charging energy UC is much larger than ∆ and N represent an even occupation.
b) Schematic representation of the density of state for a YSR system probed by
a superconductor. The highest occupied state of the superconducting probe is
aligned with a YSR sub-gap state. The charging energy UC is much larger than
∆ and N represent an even occupation. c) A schematic of how YSR sub-gap
states would look when measured as a bias spectroscopy and probed by a normal
metal, as in panel a. The excitation energy ζ is dependent on the filling of the
QD, where S represent the singlet state |S〉 and D represent the doublet state
|D〉. d) A schematic of how YSR sub-gap states would look when measured
as a bias spectroscopy and probed by a superconductor, as in panel b. Due to
the superconducting energy gap from both the superconducting leads, a bias of
VSD = 2∆/e is needed to align the occupied states from the source with the
unoccupied states in the drain.
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As stated above, if the system is just a QD coupled to normal contacts, when
the dot is occupied by an odd number of electrons, a doublet state |D〉 is formed,
while when it is occupied by an even number of electron, it is in the singlet state
|S〉. This means that the system will, with increasing occupation, go from a |S〉
to a |D〉, and then again to a |S〉, as shown in Fig. 2.11b. However, this might
not be the case for a QD coupled to a superconductor. If the coupling is large
and the superconducting gap ∆ is much smaller than the charging energy of the
dot UC , ∆ � UC , then the spin on the dot can be screened. It becomes more
favourable for the superconductor to screen the spin impurity with increasing
coupling.,29 as illustrated in Fig. 2.11a. Then the coupling becomes large
enough, the doublet state |D〉 is no longer favourable and the system will go
from a singlet |S〉 directly to another singlet |S〉, as shown in Fig. 2.11c.

This has been shown before in a superconductor-double QD-superconductor
system based on an InAs semiconductor nanowire device.31

Figure 2.11: a) Phase diagram of the coupling ΓS between the quantum dot and
the superconductor as a function of the occupation of the quantum dot ε0, both
normalized by the charging energy U . The doublet state |D〉 is only accessible
at lower couplings, (ΓA), while at larger couplings, the singlet state |S〉 will be
independent of the occupation of the dot, (ΓB). b) Bias spectroscopy of YSR
sub-gap states with a coupling corresponding to ΓA in panel a. The doublet
state |D〉 region is well-defined, seen as the area inside the crossing of the two
sub-gap states. c) Bias spectroscopy of YSR sub-gap states with a coupling
corresponding to ΓB in panel a. The coupling is too large for the doublet state
to be favourable, so the ground state remains a singlet |S〉 independent of the
occupation of the dot. Adapted from Lee et al.33

2.5.3 State-of-the-art

This section will shortly summarize some of the more resent founds and research
of the field. This is to show the current topics of interest and to unite it with
what was discovered in this project.

When the system is just a carbon nanotube contacted by two normal metals,
the phenomenons measured in the device highly depends on the degree of contact
between the metal and the CNT. Figure 2.12 shows measurements of CNT-
devices contacted by normal metals with different contact couplings. If the
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coupling is weak, Coulomb blockade can be experienced, as shown in Fig. 2.12a.
The more transparent the contacts are, i.e. the better the coupling, the system
transit into another regime, such as Fabry-Perot34 and Fano resonances,17 as
shown in Fig. 2.12c and 2.12d, respectively. At intermediate couplings, higher-
order co-tunnelling processes can occur, increasing the background conductance
and can lead to other types of physics, such as Kondo physics.3

When superconductors are used as contacts to the CNT (or other nanos-
tructures), new phenomenons can arise, as shown in the previous section by
Andreev reflections and Yu-Shiba-Rusinov sub-gap states. Such a system was
for instance made by Pillet et al., where ABS were discovered in a supercon-
ducting quantum interference device (SQUID).28 Using such a device can allow
for the exploration of the transition between the Fabry-Perot and the Coulomb
blockade regimes in carbon nanotubes.28

Using semiconducting nanowires, more advanced device geometries have
been investigated. As a project prior to this, YSR sub-gap states were in-
vestigated in a double quantum dot based on InAs nanowires32 (see Appendix
A.2 for a short summary). In the same type of device, a screening of the spin
by YSR sub-gap states were shown by Anders Jellinggaard et al.31

a)

b)

c)

d)

Figure 2.12: Different regimes for a device based on a carbon nanotube cou-
pled by two normal metals. The regimes are a) closed regime (weak cou-
pling/Coulomb blockade), b) intermediate regime (Kondo physics), c) open
regime (Fabry-Perot resonances) and d) very open regime (Fano resonances).
Panel a-c is adapted from Edward Laird et al.,3 while panel d is adapted from
Schnenberger et al.17
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3 Fabrication and Measurement Setup

This part has been, without a doubt, the biggest part of this work. So many
details have been uncovered over the time, some of them so complex that they
are almost impossible to pass on in writing, but have to be experienced.

In this section, there will be a review of as much as possible of what has been
uncovered through experimental work, both inside and outside the cleanroom.
But here, the focus will be on the big picture, where understanding of the
principles are on point. For the more detailed fabrication and laboratory work,
see the fabrication protocols in Appendix C.

3.1 Electron Beam Lithography

First, a short description of the concept of lithography will be made, since it is
one of the most vital parts of the fabrication process.

Electron beam lithography (EBL) is the most used technique of fabrication
of microscopic devices in this work.35 The process is illustrated in Fig. 3.1.
The technique is used to create a temporary mask on top of a substrate,35

so a pattern can be applied to the substrate. The pattern is defined using
a focused beam of electron, which exposes the mask material, typically made
of Poly(methyl methacrylate) (PMMA),36 often referred to as a resist. After
exposure, the mask material (the resist) can then be developed, like an old
photograph. The exposure of the electron beam has changed the materials
solubility, either making it more soluble or less soluble. For a positive PMMA,
the exposed area becomes more soluble, while for a negative one, they become
less soluble.36 During the development, the exposed (or for negative PMMA,
the unexposed) mask material dissolves, leaving only the unexposed material
(exposed material for negative PMMA). The development is performed by using
a mild solvent, which only dissolves the exposed (or unexposed for negative
resists) parts, and leaves the rest on the substrate.

By using this technique, patterns down to nanometer size can be defined
and applied on a substrate.37 After the mask is patterned, another material
can be deposited on top of the mask, for instance a metal. The mask can then
be removed using another, more powerful solvent, a process call lift-off.38 The
deposited material on top of the mask will be removed with the mask, while the
material deposited directly on top of the substrate will stay. This results in the
pattern now being applied onto the substrate in the desired material.

22



a) Substrate Wafer

b) Mask applied

c) Exposure
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Figure 3.1: Schematic illustration of the lithography process. a) The cleaned
substrate. b) A polymer film (resist) is applied, usually by spin-coating. c) The
exposure of the pattern with a focused electron beam. d) The development
of the pattern after exposure. Depending on which resist is used, either the
exposed (positive resist, left column) material or the unexposed (negative resist,
right column) material is dissolved. e) The desired material is deposited, for
instance gold using metal evaporation techniques or the like. f) Removal of
the temporal mask (lift-off), leaving only the desired deposited material in the
exposed pattern.
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3.2 Base chip fabrication

The procedure of preparing a base chip for designing several different types of
devices is presented in this chapter. The Center for Quantum Devices (QDev)
has a standard blank chip, pre-fabricated for nanowire devices. These makes
the fabrication of devices easier, since all fabrication steps prior to the nanowire
deposition have been taken and were made on a larger scale for everyone to
use. However, it is not possible to use these QDev standard blank chips in this
project. They have deposited both alignment marks and bonding pads of gold.
CNT growth is performed at 910◦C, and would therefore melt those, which
would make especially alignment highly difficult. Therefore, special base-chips
have been made for this work only, using the approaches shown later in this
chapter.

3.2.1 Substrate preparation

The process starts with a 2-inch substrate wafer of highly doped silicon (Si)
with a isolating layer on top. The wafers in this project have been either with
200 nm thick SiO2 layer on top or with 300 nm SiO2 and additionally 200 nm
Si3N4 on top. The choice of these types of wafers will be discussed later. The
devices would be fabricated on top of the isolating layer to isolate them from
the doped Si base, so the Si could be used as a backgate.

The wafer is first cleaved into a 25x25 mm square using a manual scriber.
The dimensions are chosen such that the wafer later could be cleaved into 25
pieces with a area of 5x5 mm2. Each piece could be used to fabricate individual
devices on, of different designs if desired.

However, before cleaving it into the 25 pieces, two fabrication steps are
identical for each device, and can therefore be performed on the whole 25x25
mm2 square wafer. The steps are deposition of alignment marks and deposition
CNT catalyst, respectively.

After these two steps, the big wafer is cleaved into the 25 pieces. The pieces
only have one more step in common, which is the CNT growth through chemical
vapour deposition (CVD). This step cannot be performed on the 25x25 mm2

square wafer, since the CVD oven only allows wafers smaller than 20x10 mm2

in size. More on this step can be found in section 3.2.4.

3.2.2 Alignment marks deposition

The purpose of the alignment marks is to align all the fabrication steps with each
other, since the devices cannot be made in one step. The reason for this is mostly
because different materials have to be deposited. The alignment marks were
therefore defined using EBL technique to ensure high precision and resolution.

First the wafer was cleaned by sonication in acetone and rinsed in isopropyl
alcohol (IPA). The wafer was then exposed to O2 plasma ashing and then spin-
coated with a double layer of PMMA. The double layer is applied with a more
electron beam sensitive PMMA in the bottom to create a undercut after expo-
sure and development.38,39 This undercut ensures more well-defined patterns
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after the deposition of the desired material and makes the lift-off process easier
(see Appendix A.1 for more information).

The PMMA was exposed with EBL and developed in a solution of Methyl
isobutyl ketone (MIBK) and IPA in a ratio 1:3. The development was termi-
nated using pure IPA. Afterwards was 60/5 nm of Pt/Ti deposited using electron
beam metal evaporation.40 Lift-off was performed in N-Methyl-2-pyrrolidone
(NMP), thermalized to 85◦C.

There are three types of alignment marks: Inner, outer and catalyst align-
ment marks. The two first are shown in Fig. 3.2, while the third can be seen
in Fig. 3.5c,d. The outer alignment marks are for alignment with optical tech-
niques, such as optical microscopes or UV lithography and are practical for
locating the inner marks, since they are placed inside most of the outer ones,
as shown in Fig. 3.2b. The inner alignment marks are 100 nm wide and are
for EBL fabrication steps only. The catalyst alignment marks are for designing
devices using non-blind techniques. When designing ”blind”, images have not
been taken of the inner device, here the CNT. This is often done to avoid expos-
ing the material to the electron beam in a scanning electron microscope (SEM).
When using non-blind techniques in this work, a designing program aligns with
SEM images to design contacts and gates for individual nanotubes. The CNTs
will of course grow differently for each growth, so this alignment is crucial for
making non-blind designs.

(a) (b)

Figure 3.2: a) Optical image of alignment marks design. The alignment marks
are made of 60/5 nm Pt/Ti. The three marks named Ma, Mb and Mc has inner
alignment marks. b) Close-up optical image of alignment marks design (mark
Ma). The inner alignment marks can be seen in the middle of the mark and are
only 100 nm wide.

As stated earlier, all of the alignment marks are made of 5 nm Titanium
(Ti) and 60 nm Platinum (Pt). The Ti is used between Pt and the substrate
as a adhesive or ”sticking” layer,41 since it is able to bind to the SiO2 on the
substrate as an oxide and create an alloy formation with the Pt. Using Ti as a
sticking layer for other metals are also recommended, even for metals not able to
create an alloy with it, as metal evaporated Ti are very rough, giving excellent
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grip for inert metals such as gold (Au).
The choice of using Pt for the alignment marks comes from its high melting

point, at around 1768◦C. The CNTs growth is performed at 910◦C. If Au was
chosen as the material for alignment marks, the CNT growth temperature would
get too close to golds melting point, either melting them or making the material
mobile and therefore destroying the alignment mark design. This would make
further alignment unnecessarily difficult, therefore Pt is chosen instead. An
example of partly melted alignment marks are shown in Fig. 3.3.

Figure 3.3: SEM image of melted gold alignment mark (mark Ma from Fig.
3.2a). Insert: Zoom-in of inner alignment and part of the outer alignment
mark. The inner mark is melted into droplets of metal, making fine alignment
for EBL difficult.

3.2.3 CNT Catalyst deposition

The catalyst solution consist of Fe(NO3)3 • 9 H2O salt dissolved in water. To
apply the catalyst to a substrate, one simply has to drip the solution onto the
substrate, let it air-dry to remove the water solvent and then place the substrate
on a hot plate at 185◦C for 7 min to remove the water bound to the Fe(NO3)3.

To deposit the catalyst, a double layer of the same PMMA is applied. This
choice is not to create a undercut, but to create a thicker mask, to make lift-off
easier. The catalyst will be very thick, in the order of microns, and a standard
mask thickness might lift the whole catalyst and not only the part on the mask.

After the PMMA has been spin-coated on the substrate, the pattern is ex-
posed using EBL. The pattern for the catalysts islands are designed for maxi-
mizing the side area for growing nanotubes straight out from the catalyst island.
The design can be seen in Fig. 3.5, where the process has been completed and
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CNTs have been grown.
After the exposure and development (again using MIBK:IPA 1:3), the cata-

lyst solution is applied using a micro-pipette. For every 10x10 mm2 wafer, two
drops of catalyst solution should be enough. The wafer is left to dry for about
20 min in a fume hood and under a glass beaker to keep dust and the alike off
the wafer. Afterwards, the wafer is baked on a heat plate at 185◦C for 7 min.
The lift-off is performed again in warm NMP, which takes about an hour.

During lift-off, sonication is best avoided or at least minimized. The catalyst
will break and scatter across the substrate, which can cause several problems,
such as bad lift-off for metal contacts, when a piece of catalyst is caught under
the metal. An example of this can be seen in Fig. 3.4, in the top of the inner
contacts. Here, Al-contacts were deposited and the bad lift-off caused several
leads to short.

A mild sonication can be used to help better define the catalyst islands. If
one chose to do so, it is recommended sonicating at 37 kHz with 30% power
for at most 15 seconds, which in this work has shown to made the islands very
well-defined, without breaking them too much apart. Doing this can be really
important for blind fabrication, since catalyst islands that extend beyond their
borders would cause shorts in the leads. But for non-blind fabrication, it is best
to avoid any sonication.

Figure 3.4: Optical image of bad lift-off for Al-contacts caused by a broken-off
catalyst piece caught under it.

3.2.4 Carbon Nanotubes Growth using Chemical Vapour Deposition

After the wafer has been cleaved to pieces smaller than 10x10 mm2, CNTs
can be grown in the Chemical vapour deposition (CVD) oven. The wafer was
inserted into the CVD oven and an argon (Ar) gas flow was applied to clean out
all other gases inside. A flow of hydrogen gas was then applied to promote the
catalyst for carbon deposition.12 The oven temperature was then set to 910◦C.
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When it had thermalized, a gas flow of methane was applied for 15 min. This
gas is the carbon source, and the growth time of 15 min was chosen to get CNTs
in the length of around 10 µm. After 15 min, the methane and hydrogen gas
flows were turned off and the oven was set to cool down. Then the oven has
cooled, the Ar flow was turned off too and the wafer was removed. An example
of the results of such a growth process can be seen in Fig. 3.5d.

500 μm

a)

d)

10 μm

c)

20 μm

100 μm

b)

Figure 3.5: Images of different steps in the fabrication process, using the same
device: a) Optical image of bonding pads with leads in the middle. Both bond-
ing pads and leads are made of 5 nm titanium and 90 nm aluminium, applied
in a single step using the double exposure (see section 3.3.1 for more info). b)
Zoom-in of purple frame in a: Optical image of leads and catalyst islands. There
are two catalyst islands and 14 device, either 3- or 4-terminal. c) Zoom-in of
red frame in b: Optical image of five devices, catalyst and catalyst alignment
marks. The electrode patterns are designed on top of carbon nanotubes. The
nanotubes are only visible in SEM images, as seen in d. d) False-coloured SEM
image of CNT (green) grown on catalyst islands (purple), prior to deposition of
leads and bonding pads. The image matches what is seen in the cyan frame on
c. Most of the CNTs are grown too close to the catalyst islands to access, but
straight CNTs longer than 10 µm are also seen. These can be used for devices.
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3.2.5 Bonding and loading into the Cryostat

The last part is of course to connect the sample to the outside world. This is done
by using a ”daughter-board”, which is a small circuit board with a gold stage
for glueing the sample wafer to. By using these Si/SiO2 wafers and by using
conducting glue, such as silver paint, one can connect to the whole doped Si-
wafer and use it as a backgate with the SiO2 or Si3N4 as the dielectric. Around
this stage are pins connected to the daughter-boards interface on the backside.
The pins can be connected to the samples bonding sites with aluminium thread
by using a bonder. An example of a wafer chip glued and bonded to a daughter-
board is showed in Fig. 3.6a.

The settings used for the bonding process depend on the material used for
the bonding pads. Then using inert materials, such as gold, standard setting for
bonding (such as force, time and use of ultrasonic sound) can be used, but when
using oxidizing materials such as aluminium (Al) or vanadium (V), additional
force or ultrasound is recommended to ensure that the oxide layer is penetrated
and contact is made.

The daughter-board is then attached on a special puck that goes into the di-
lution refrigerator (see more on the dilution refrigerator in section 3.6.1), where
each pin is individually connected to its own channel. Such a puck can be seen
in Fig. 3.6b. By opening up certain channels, different paths can be connected,
allowing current to flow and giving the user control over the set-up.

a) b)

Figure 3.6: a) Picture of daughter-board circuit, where a silicon wafer chip has
been glued to the middle using silver paint and bonded with aluminium threads.
b) Picture of two of the special pucks, one closed (left) and one open (right)
with the protecting casing next to it.
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3.3 The Conventional Method

At least three steps are needed from the CNTs were grown until the sample can
be measured. These steps are: Deposition of leads, deposition of bonding pads
and bonding the sample to a daughter-board, respectively. A typical design for
the leads and the bonding pads can be seen in Fig. 3.5c and 3.5a, respectively.

The bonding of the sample to the daughter-board is explained in section 3.2.5
above and is similar for all devices. So this section will focus on the fabrication
steps for leads and bonding pads using the ”conventional” method, which is the
standard electron lithography and metal evaporation method.35 This has been
done in several ways throughout the project for different reasons and will be
discussed here.

3.3.1 The double exposure

A double exposure is when both leads and bonding pads are defined in the
same lithography steps, which means using the same resist layer. It cannot be
performed as a single exposure, because the current is changed between the two
structures, meaning two separate exposures are performed on the same resist
layer. A narrow, low-current beam is chosen for the leads or gates, since it
requires the precision down to 50-100 nm. A wider, large-current beam is used
for the bonding pads, since they do not require any precision and using the
other beam would make the exposure time too long.

By using a double exposure, one only needs to expose the CNTs to organic
resist once. Since oxygen plasma ashing is not possible, as that would destroy
the CNTs, a double exposure will minimize the resist leftover residue on the
CNTs, and give better contact to the leads after metal deposition.

A double resist layer, as described in section 3.2.2, is a good idea when doing
a double exposure, since this will create an undercut, making lift-off easier.38,39

Otherwise, the double exposure can follow the exact same protocol as a normal
lithography steps. The only drawback for a double exposure is that the leads
and the bonding pads have to be of the same material and thickness, since
they are deposited together. For the bonding procedure described in section
3.2.5, the bonding pads should be at least 90-100 nm thick to avoid bonding
all the way through the pads and penetrate the oxide layer on the wafer. If
this happens, the backgate can cause leakage and noise in the measurements.
So a double exposure can not be used for ultrathin-films, of for instance Al for
getting a higher critical field strength.

Another problem is the force and ultrasound used in the bonding procedure.
If the bonding pads have a weak sticking layer, such as palladium, the bonding
pads can be ripped off the substrate during the bonding process. But this is a
more general problem for bonding the sample.

Even if one uses a large enough thickness for bonding and using an appropri-
ate sticking layer such as titanium,41 specific properties of the chosen material
must be taken into account. If one for instance uses Al, the bonding procedure
has to penetrate the Al2O3 layer that has been formed on top of the bonding
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pads. More force and/or ultrasound is needed to make sure of that and an even
thicker layer can be needed to avoid the penetration to exceed all the way into
the oxide on top of the wafer.

If these criteria is met for the chosen device, the double exposure can be a
good choice to minimize the resist residue and hinder large contact resistance.

3.3.2 Separate Lithography steps

If one cannot use a double exposure since the criteria mentioned above are not
met, one has to do separate lithography steps and exposing the CNTs to several
layers of PMMA.

In contrast to III-V nanowires, CNTs rarely move after growth, so putting
down the contacts first to clamp down the nanotubes are not necessary. How-
ever, it is best to start with the innermost part, where the contact to the nan-
otube is, since this area is the critical one, when it comes to resist residue and
contact. By putting down the contacts first (or most of them if different ma-
terials are used for contacts), one minimizes the resist residue at the contact
sites.

These lithography steps will be subsequent to the catalyst deposition and
CNT growth. If one has examined the chip in a SEM after the CNT growth,
one might find CNTs grown in areas away from the catalyst islands. This is an
indication that catalyst parts have broken off the islands and scattered across
the wafer. As shown in Fig. 3.4, this can give issues with lift-off, since these
pieces can be quite large and is not always possible to remove, for instance with
an acetone rinse. Creating an undercut, as described in section 3.2.2, might
help lift-off, but if one has examined the wafer, either with a optical or a SEM,
one does best to avoid designing on top of these catalyst pieces.

An example of a finished device using this technique can be seen in Fig. 3.7.

Figure 3.7: SEM image of finished three-terminal device by separate lithography
steps. The catalyst can be seen in the lower right corner with CNTs grown from
it.

31



3.4 The ”Inverse” Method

The ”Inverse” method is the name of an idea, this study has brought forth, but
is yet to fully accomplished. It is a method to completely avoid resist directly
on the CNTs.

The idea is to make the whole standard lithography process backwards by
applying the metal directly on top of the newly grown nanotubes, without a layer
of resist in-between. There are two ways of proceeding from here, either using
a positive resist or a negative resist, as shown in Fig. 3.1. The resist is applied
on top of the metal and, for a positive resist, an ”inverse” design is exposed
and developed onto it, which is what gave rise the the name of the idea. For a
negative resist, the original design can be directly exposed and developed in the
resist. From here, an etchant is used to remove the metal from the developed
areas, leaving behind the undeveloped areas, which would be the original design
in both cases of resist. By using this method instead of the conventional, the
CNTs never experience any PMMA, but only see the metal, which should give
good contact.

A good idea when using a positive resist is to not expose everything on
the chip except the design areas, as this would cause the exposure time to be
impractically high. Instead, expose an edge around the design, isolating it from
the metal on the wafer, as shown in Fig. 3.8, where 5 nm of Ti and 30 nm of
Al was deposited. Here, only the Al applied is etched away, using aluminium
etchant Transene D. The etching has here over-etched, but the design was made
to counter that effect by decreasing the distance between the contacts, so the
desired distance was achieved with over-etching.

Figure 3.8: SEM image of test of the inverse method performed with a positive
resist. The metal applied onto the wafer is 5 nm Ti and 30 nm Al, where
aluminium etchant Transene D was used to remove the Al only.

Sadly, even 5 nm of titanium will create shorts between the contacts, and
the Ti is needed to contact the nanotubes. The titanium can be etched away
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using Hydrogen fluoride (HF), but this etchant will also attack Al and probably
also some of the SiO2 on top of the wafer. If one is not careful, the etching
results as shown in Fig. 3.9. Here, the HF worked itself under the metal and
started lifting both the metal and the resist.

Figure 3.9: SEM image of another test of the inverse method with a positive
resist. The metal applied onto the wafer is 5 nm Ti and 30 nm Al, a pattern
was exposed and Hydrogen fluoride (HF) was used to remove both Al and Ti in
one etching step. The etchant was applied for 10 seconds, followed by several
MQ water rinses. However, the etchant worked its way under the metal from
the sides and started lifting the metal and resist.

Titanium can not be excluded from the deposition, as Al cannot be deposited
smoothly on CNTs.42 Obviously, the method still needs a lot of work, but in
the limited time of this project, no further research was performed.

However, there are some drawbacks to this method. For instance, the metal
has to be the same, especially if one uses a positive resist and the ”edge” design
as shown in Fig. 3.8. If a negative resist is used, the metal should, in theory, be
removed from the entire wafer, leaving only the designed contacts. In this case,
additional metals can be used, for instance normal contacts or gates of gold.

Another drawback is that the metal used in the first step has to be etch-
able, especially to a good degree of precision. For instance, gold can not be used
here. The precision is also needed, so thick layers of the etch-able metal might
be troublesome.

Last, but not least, the CNTs are not completely protected. If one uses a
positive resist, the exposure will be directly on the nanotube segment between
the contacts, and if one uses a negative resist, the contact sites will be exposed.
However, this is more common. But in both cases, the middle part of the
CNT meets the etchant. Nanotubes are more difficult to break apart than more
common carbon allotropes, but this still need to be kept in mind, when choosing
an etchant.
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3.5 The Struggles: Troubles and issues during this work

In this section, the main troubles and issues experienced during this work will
be reviewed, together with the discovered solutions for them, if there were any.
This section was attempted to be kept short, but a major part of the work
was finding different solution and workarounds for all the problems occurring in
fabricating nanotube devices, in contrast to nanowire devices.

Mostly, the focus is on two topics: First there will be a short overview of
device history and the difference between them. And second, the biggest issue
of them all, the contact issue, will be reviewed.

3.5.1 Base-chip and device history

Six base-chips have been produced throughout this project. The first four base-
chips were made on top of wafers used for standard nanowire fabrication, which
are 2-inch substrate wafers of highly doped Si with 200 nm of SiO2 on top.
However, these wafers turned out to give much more backgate leakage in CNT
devices than in nanowire devices. This is probably due to the silicon from
the wafer diffusing into the oxide under the CVD process, which causes the
breakdown voltage of the oxide to become smaller. Sadly, it became too small,
so that experiments at a broad spectrum of backgate voltages could not be
performed, e.g. making it difficult to close the CNT transport off using the
backgate. Therefore, the last two base chips were made on similar wafers, but
with 300 nm of SiO2 on top together with 200 nm of Si3N4, giving a much
thicker layer of isolation.

In table 1, a overview of the base-chips can be found, and in Fig. 3.10, a
histogram of the resistances for the devices from different base-chips are shown.

Name Systematic Name Base-chip Leads No. of devices

A DDcat202 2 5/90 nm Ti/Al 8
B DDcat206 2 5/90 nm Ti/Al 24
C DDcat401 4 5/90 nm Ti/Al 27
D DDcat404 4 5/55/10 nm Pd/V/Pd 20
E DDcat405 4 5/55 nm Ti/V 28
F DDcat406 4 5/55 nm Ti/V 28
G DDcat614 6 5/30 nm Ti/ReMo 15
H DDcat405 p∗ 4 5/55 nm Ti/V 28

Table 1: Table over all chips fabricated and the naming of these. All chips
were given a simple name for this thesis, due to the sheer amount of chips and
devices fabricated throughout this work. The table also shows which Base-chip,
the chip originates from, together with the lead material and number of devices
fabricated on the chip.
∗ Chip DDcat405 was patched after first measuring section, to avoid the oxide
barrier and were afterwards re-measured.
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Base-chip 1, 3 and 5 were discarded already after the first fabrication step,
which was the alignment marks. Neither had good enough alignment marks for
obtaining the needed precision of future fabrication steps.

Base-chip 2 gave two chips, called DDcat202 (A) and DDcat206 (B), with
a total of 32 devices, as shown in table 1 and Fig. 3.10. Both were made with
a double exposure (see section 3.3.1) of leads and bonding pads in one go and
had deposited 5 nm Ti and 90 nm Al. They were first tested in a measurement
setup allowing temperatures down to 4 K and chip A showed Coulomb peaks
at 4 K. However, then chip A was moved to another system allowing lower
temperatures, it was destroyed, probably by a static shock. Chip B showed fine
results at room temperature, but then, after cooling, everything froze out and
it was still not conducting then brought back to room temperature.

Base-chip 4 gave four chips with in total 103 devices, as seen in table 1.
Chip DDcat401 (C) was also made with a double exposure of leads and

bonding pads and had 5 nm Ti and 90 nm Al. It showed good contact resistance
and was still conducting at 4K. A single device on Chip C (device C.1) showed
Fano resonances, which will be investigated later in section 4.4.

Chip DDcat404 (D) was the first chip, where palladium (Pd) was tried as
a sticking layer instead of Ti. This change was chosen to reduce the Schottky
barriers of the contacts.43 The leads were made with 10/55/5 nm of Pd/V/Pd
leads. The top layer of 10 nm Pd was made for protecting the V from oxidizing
and thereby creating a resistance barrier between the leads and the bonding
pads, which were deposited afterwards. However, the adhesive properties of
Pd were much lower than Ti. Around half of the leads moved during lift-off,
destroying devices and was not possible to recover. Some other leads moved
during lift-off of the following lithography step for the bonding pads. These
was removed by the micromanipulator, so these devices was saved. However,
these devices gave no results, probably because the leads were not contacted
well enough to the nanotubes, given they moved so much during fabrication.

Chip DDcat405 (E) and DDcat406 (F) were made simultaneously and simi-
larly, all the way from the fabrication of the base chip, through the CNT growth
and until the bonding. They were made with 5/55 nm Ti/V leads, again using
Ti instead of Pd as sticking layer to avoid the moving leads, since Pd leads did
not show any better contact in chip D. Bonding pads with 100/7 nm Au/Ti
were deposited afterwards. Chip E gave an extraordinary high yield of working
devices. Sadly, chip F did not show the same yield, but just an ordinary one,
showing no correlation between the CNT growths and yields. These yields can
be seen in Fig. 3.10. All the devices froze out at 2.7 K, probably due to an
oxide barrier between the V/Ti leads and the Au/Ti bonding pads. This could
have been avoided, if there either had been a Kaufman Ion-milling step before
depositing the bonding pads or if there had been depositing a protecting layer
on top of the V/Ti leads. However, chip E and F were later ”patched”, mean-
ing an extra lithography step was performed, where a new interface between the
leads and the bonding pads were made. This time, a Kaufman Ion-milling was
performed on the interface, before depositing another layer of Ti and Au. This
created a way around the oxide barrier, and the second time chip E was mea-
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sured (now called device H), it had three devices that gave results. These results
can be seen in section 4.1 and 4.2. The patched chip F were never measured.

3.5.2 Issues with contact resistance: The Main Villain

The biggest issue for all these chips was clearly the high contact-resistance,
which has proven to be very difficult to control.42 In Fig. 3.10, a histogram of
the contact resistance at room temperature for all the 178 devices measured can
be seen, divided into chip names (see table 1 for reference to Base-chips). The
target group is 6.5kΩ-100kΩ, which is the range of resistance, where quantum
dots can form after cooling down below 4 K.

Out of the 178 devices, 121 of them was in the group >10MΩ, which includes
dead devices. Four other devices were in the group <6.5kΩ, which is below
the lowest bound for the resistance in a single-walled carbon nanotube. These
devices were therefore either shorted or included several CNTs, either single-
walled or multi-walled. These in total 125 devices were of no use to the project,
and gives a preliminary yield of around 30%, when only looking at the shorted
or dead devices.
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Figure 3.10: Histogram over resistances measured at room temperature for fab-
ricated devices. The naming (A-H) refers to chips according to table 1. The bin
sizes are chosen according to categories fitting a nanotube-based device. The
target group is 6.5kΩ-100kΩ. The group >10MΩ also includes dead devices.

Under the assumption that only the target group can be used, only 10 devices
out of the 178 could be used, which gives a yield of 6%.

None of these yields include gate-dependency, which is also desired for nan-
otube devices. It was known from the beginning that only 1/3 of the grown
carbon nanotubes would be semiconducting, which they are needed to be for
them to have a gate-dependency. If 2/3 of the target group is removed, because
they are metallic CNTs, when only a yield of around 2% is left.

From this yield, out of the 178 devices, 3-4 devices should yield the desired
results, which was fortunately underestimated, because five devices were found
in this work. Chip H gave three devices (device H.1, H.2 and H.3) and chip
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C had two device (device C.1 and C.2) The results for H.1, H.2 and C.1 can
be seen in the result section (section 4), while the results for H.3 and C.2 were
moved to Appendix B.

Several different approaches have been taken to avoid this contact issue, all
with varying results. But why is this issue even occurring?

One factor can be resist residue left on the CNTs after exposure and de-
velopment. In conventional nanofabrication, this residue is usually removed by
using oxygen plasma ashing,44 but this is not possible to do in this work, since
it will destroy any CNT the plasma comes in contact with. Several different
approaches have been tried and used to minimize this residue.

Another factor is the oxide barrier created by the titanium used as a sticking
layer for the material of the leads. This is difficult to avoid, since the oxide is
created in-between the deposition of the two layers. The vacuum in the elec-
tron beam metal evaporation system is not low enough to completely hinder
the creation of oxides. Therefore, another sticking layer was tried, which was
palladium (Pd). Pd has shown to create smaller heights of the Schottky bar-
riers.43 However, several devices made with Ti as a sticking layer have shown
good promise, so this is not the necessarily the most important issue to focus on.
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3.6 Experimental setup

In this chapter, a short review of the experimental setup is performed.
For this work, two different systems was used. A Triton dilution refrigerator

was used for obtaining measurements for Chip G and H, which was capable of
reaching 30 mK. A Cryofree Heliox AC-V Fridge was used for all other devices,
which has a base temperature at 300 mK.

The main focus for this section will be the dilution refrigerator and the
measurement setup.

3.6.1 The dilution refrigerator

To see the desired phenomena, it is necessary to cool the sample to millikelvin
(mK) temperatures. The reason for this is that the energy scale for the features
in question, for instance the charging energy for the quantum dot, are in a few
meV. Room temperature is equivalent to around 25 meV in thermal energy,
which would dominate over any other lower energy scale. By lowering the tem-
perature to around 30 mK, the thermal energy would be 2.5 µeV, minimizing
the thermal broadening.

To do so, we need a dilution refrigerator, which can be seen in Fig. 3.11.
The multiple stages and the approximate temperature of each of them can be
seen in Fig. 3.11a, while an illustration of the principle behind it is shown in
Fig. 3.11b.

The dilution refrigerator works by having a mixture of the two isotopes of
helium (He), 3He and 4He, in a mixing chamber. When cooling the mixture to
around 870 mK, the mixture undergoes a spontaneous phase separation into a
3He-rich phase and a mixed phase of around 6.6% 3He and 93.4% 4He (at equilib-
rium), called the dilute phase.45 The working fluid is 3He and the main cooling
mechanism is the endothermic transport of 3He through the phase boundary.

By removing 3He from the dilute phase, the equilibrium in the diluted phase
is disturbed and 3He from the concentrated phase will cross the phase boundary
to occupy the space left over by the removed 3He. This is done by a pump
reaching down into the diluted phase, as shown in Fig. 3.11b. The pump will
extract 3He from the mixing chamber and into the still. The still will then
distil the 3He from the 4He, due to the difference in vapour pressure. The
heater connected to the still is there to maintain the circulation rate, because
otherwise the vapour would quickly cool, causing the vapour pressure to be
too low for circulation. The removed 3He is then returned towards the mixing
chamber, where it is cooled along the way by the outgoing 3He vapour from the
still.
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Figure 3.11: a) An image of the dilution refrigerator and its stages under the
radiation shield. The different plates and their approximate temperatures are
indicated, together with the still and the mixing chamber. b) A schematic of
the inner working of the dilution refrigerator, focused on the mixing chamber
and still. This figure is adapted from Oxford Instruments.45

3.6.2 The Measurement setup

An essential part of the project was to measure current and conductance from
devices based on nanostructures. Such devices would not only give faint outputs,
but would not be able to withstand too large input, since it would destroy them.
The inputs also had to be small, as the energy scales of the nanostructures are
small, as explained in section 2.2.1. This means small signals need to be applied
to the device and very small signals have to be detected from them.

A wide range of instruments have to be used together to accomplish such a
feat. The complete instrument setup can be seen in Fig. 3.12. Here, black lines
represent current or voltage applied to the device, while red lines represent cur-
rent or voltage signals from the device. It all starts with the two signals applied
to the device, a direct current (DC) and alternative current (AC) bias. The
DC voltage is produced by a digital-to-analog converter (DAC), while the AC
signal is produced by the signal generator of a lock-in amplifier. The signals are
divided by 103 and 104, respectively, by voltage dividers. The voltage dividers
are used, both to protect the device from too high voltage, but also to make the
combined input signal used as an excitation smaller than e.g. the thermal noise
kBT . This makes it possible to study the device with small voltage fluctuations.

The combined signal is taken through a breakout box with 48 different lines,
each connected to a pin in the special puck from section 3.2.5. This breakout box
makes it possible to switch between different channels, so many different types
of measurements can be performed in the same environment. Several devices
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can also be produced on the same chip, since they can be switched between by
opening and closing different lines.

From the breakout box, a line goes to the first electrode of the device, called
the source (S), and another goes to the backgate (Vg). The backgate voltage is
controlled by a DAC. From the other electrode of the device, called the drain
(D), a line goes back to the breakout box. Both lines that go to and from the
device pass two successive low-pass RC filters with a cut-off frequency of around
30 kHz. A schematic of the filter can be seen in the insert in Fig. 3.12.

The signal coming from the device goes from the breakout box to a current
amplifier, that converts the signal from voltage to current, with a sensitivity
of typically 108A/V , so the faint signal from the device can more easily be
measured. A digital multi-meter (DMM) is used to measure the DC component
of the signal, while the AC component is measured with a lock-in amplifier.

The lock-in amplifier used for measurements is essential for enhancing the
signal-to-noise ratio of the signal from the device. This instrument is used as
an AC waveform generator, generating a sine with an set frequency f . The
output signal from the device contains several frequencies, in particular due
to noise from external sources and possibly from the device itself. When the
signals return to the lock-in amplifier, the amplifier will multiply the individual
signals from the device with the original signal (called the reference signal) and
integrate it over a certain time. Only when the frequency of the two signals
are equal, will the product be non-zero. This process will therefore reject all
non-desired signals and only allow the AC signal with the same frequency as
the reference.

The specific equipment used in this project will shortly be summarized here.
The lock-in amplifier used as signal generator was a Stanford Research Sys-
tem Model SR830 DSP lock-in amplifier. The DC signal from the device was
measured by a Hewlett-Packard 34401A digital multimeter (DMM). The AC
signal was first brought through the same lock-in amplifier for enhancing the
signal-to-noise ratio, as explained above, but afterwards brought to the DMM.
The DC source for the source contact was from a Marcus Lab DECA digital-to-
analog converter (DAC). When small gate potential was needed, the same DAC
was used, but for large gate potentials a Keithley 2614B sourcemeter was used
instead.
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Figure 3.12: A schematic of the electrical measurement setup. The system
is based on a carbon nanotube (green line) contacted by two contacts (grey
squares) spaced by 300 nm, named the source (S) and the drain (D). The black
lines represent signal going into the system, while the red lines represent signal
exiting the system. The blue boxes represent controlling equipment, while the
purple boxes represent measuring equipment. For DC signal input, a digital-to-
analog converter (DAC) was used, while for measurement of the DC signal, a
digital multimeter (DMM) was used. The same lock-in amplifier was used as a
AC source (signal generator) and for measuring (signal-to-noise enhancement).
The specific models used for equipment can be seen in the text above. The
symbol F stands for a low-pass filter using a 2 kΩ resistor and a 2.2 nF capacitor.
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4 Carbon Nanotube devices contacted with su-
perconducting leads

When fabricating carbon nanotube hybrid devices, the CNT is the material in
focus. It is used as a weak link in a JJ and several different phenomena can
occur, when contacting CNTs with superconducting leads, where some have
been reviewed in section 2.5. Such a phenomenon is seen here later in the
form of Yu-Shiba-Rusinov (YSR) sub-gap states. So there is something to look
forward to.

Out of the 178 devices fabricated and measured throughout this study, only
five devices have shown any interesting results. For all five devices, only two of
the three contacts applied to the carbon nanotube was conducting. The results
for two of them, Device H.3 and C.2, were moved to Appendix B, as these
showed nothing new of interest. The results for the remaining three devices,
Device H.1, H.2 and C.1 are shown in the this chapter, each with their own
section.

The two devices from chip H were made with 55 nm vanadium (V) contacts
with a 5 nm titanium (Ti) adhesive layer on top of a 200 nm SiO2 layer sepa-
rating the backgate from the device. The device from chip C was made with 90
nm aluminium (Al) with a 5 nm Ti adhesive layer on top of a similar wafer as
for chip H (see table 1 for more information).

This chapter will contain the most important results of these devices, to-
gether with an analysis of the results, and each section will end with a short
summary and conclusion of the given device.
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4.1 Less-regular regime: Characterization of Vanadium
Superconductor

First will one of the two vanadium devices mentioned above be presented, device
H.1∗. The contacts are separated by 300 nm and only two of the three contacts
were conducting. A false-coloured SEM image of a similar device can be seen
in the insert in Fig 4.1. No SEM images were obtained of the actual device to
avoid destroying it.

This device is not in a well-defined regime. It showed almost no CNT fea-
tures, but showed clear superconductivity, together with a zero-bias peak (ZBP).
These features can be seen in Fig. 4.1. Therefore, this device was used to char-
acterize the superconductor.

First, a bias spectroscopy was performed on the device to find a suitable
backgate potential to perform magnetic field and temperature measurements.
The results can be seen in 4.1a and are discussed below.

4.1.1 Bias spectroscopy plots

Figure 4.1 shows an overview of the measurements of device H.1. Figure 4.1a
shows the differential conductance as a function of backgate voltage, Vg, and
source-drain bias voltage, VSD, at T = 30 mK. As stated above, the device
showed no clear Coulomb blockade or shell structure. However, the supercon-
ducting features are clear. Almost horizontal transition lines can be seen around
VSD = ± 0.5 meV and VSD = ± 1 meV. Below |VSD| = 0.5 meV is the con-
ductance suppressed, except at zero bias. This indicates that the peaks are
the superconducting gap ∆ at 0.5 meV, together with the 2∆ peak around 1
meV. This is in good agreement with previously found energy gap for vanadium
leads.46

Some diamond-like features can be seen around Vg = -2.77 V and -2.14
V (behind insert), both quenching the superconducting gap. However, these
features are broaden too much by noise, probably from high-bias noise. A higher
bias spectroscopy was also performed, but gave no additional information due
to noise. This measurement can be seen in Fig. B.2 from Appendix B.

A backgate potential was needed to be chosen for further measurements of
magnetic field and temperature dependency. Several switches can be seen in the
measurements, placed at around Vg = -2.96 V, -2.82 V and -2.50 V. There are
also noisy areas arising at other potentials, such as around Vg = -2.25 V, -2.52
V and -2.79 V. These places are best to be avoided for further measurements.
However, the place at Vg = -2.28 was chosen for magnetic field and temperature
dependency measurements, because it showed a strong ZBP and it was placed
in the middle of one of the possible Coulomb diamonds. A vertical black line
was made in Fig. 4.1a as illustration.

∗Device H.1, Base Chip 4, see table 1 for more info
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Figure 4.1: Characterization of the vanadium superconductor for device H.1. a)
Bias spectroscopy: Measurement of differential conductance dI/dV as a function
of backgate voltage Vg and source-drain voltage VSD, performed at T = 30 mK.
It shows a clear superconducting gap with 2∆ ≈ ±1mV . A zero-bias peak can be
seen at several backgate ranges. A mark is made at Vg = −2, 28V , where a clear
zero-bias peak can be seen. This backgate potential is chosen for temperature
and magnetic field dependency measurements for panels b-e. Insert: Device
geometry made from a false-coloured SEM image of a similar device. b+d)
Measurement of dI/dV as a function of magnetic field strength in the Z-direction
(deduced from geometry), BZ and as a function of high (b) and low (d) source-
drain voltage VSD. The superconducting gap closes around B∆

c ≈ 3 T, while the
zero-bias peak closes around BZBPc ≈ 2.4 T. c+e Measurement of dI/dV as a
function of temperature, T and as a function of high (c) and low (e) source-drain
voltage VSD. Both measurements starts at base temperature, Tbase = 30mK.
The superconducting gap closes around T∆

c ≈ 3.8 K, while the zero-bias peak
closes around TZBPc ≈ 2 K.

4.1.2 Dependence of temperature and magnetic field

Measurements for magnetic field and temperature dependency were performed
at the chosen backgate potential, Vg = -2.28. For each dependency, a low-bias
and a high-bias measurement were performed to get the evolution of both the
gap ∆ and the ZBP with magnetic field and temperature. The direction of the
magnetic field is deduced from geometry, as rotating the magnetic field did not
show any angle dependence (see Fig. B.1 in Appendix B.1).

The evolution of the gap ∆ with magnetic field is showed in Fig. 4.1b. The
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gap can easily be seen at around 500 µeV, together with the 2∆ peak around
1 meV, at zero magnetic field. With rising magnetic field, the gap narrows,
slowly at first until around 500 mT, where the closing-rate is increased a bit
and from there continues approximately linearly until around 3 T, where the
gap finally closes completely. This fits well with what was expected by a Type
II superconductor in a magnetic field (see section 2.4.2 or Fig. 2.7b). A vertical
black line was set in Fig. 4.1b for the critical field for the gap, B∆

c ≈ 3 T.
The evolution of the gap ∆ with temperature is showed in Fig. 4.1c. Again

is the gap observed at around 500 µeV, together with the 2∆ peak around 1
meV, at base temperature T = 30 mK. The evolution of the gap from base
temperature to around 3 K is very subtle. After 3 K, the gap narrows fast and
completely closes at 3.8 K. This evolution with temperature fits well with what
was expected by a Type II superconductor (see section 2.4.2 or Fig. 2.7b). A
vertical black line was set in Fig. 4.1c for the critical temperature for the gap,
T∆
c ≈ 3.8 K. Note that the resolution in this panel drops above 2.2 K. This is

due to an instrumental error, where the temperature could not be controlled
remotely above 2.2 K, so these measurements were done manually and put
together with the first part. This might also explain the switch at 2.7 K. This
problem was later fixed, so future temperature measurements was performed
past 2.2 K.

For all panels in Fig. 4.1 can a sharp peak at zero bias be seen. This zero-bias
peak (ZBP) could arise from different phenomena. To observe the evolution of
the ZBP with magnetic field, a close-up measurement was made and is showed
in Fig. 4.1d. Negative conductance can be seen around the ZBP at both positive
and negative bias at lower magnetic field strengths. As the field is increased, the
negative conductance disappears around 1.4 T, while the ZBP first disappears
around 2.1 T. These areas of negative conductance could indicate that the ZBP
comes from supercurrent in the device. If so, this supercurrent can withstand
a remarkable high magnetic field, much higher than, for instance, devices with
leads of Al. A vertical black line was set in Fig. 4.1d for the critical field for the
ZBP, BZBPc ≈ 2.1 T. Before it disappears, there seem to be an enhancement
in the ZBP. From zero magnetic field until around 0.9 T, an increase of the
differential conductance appears, before it declines again towards the critical
field mark. The origin of this enhancement is currently not understood.

Lastly, the evolution of the ZBP with temperature is showed in Fig. 4.1e.
At the lower temperatures, a narrow ZBP can be seen, together with negative
conductance, just as narrow, at both negative and positive bias. As the temper-
ature increases, the ZBP becomes wider due to thermal fluctuation, while the
two negative conductance peaks are narrowing, until they disappear around 0.7
K. The ZBP continues to broaden, until around 1.4 K, where the ZBP disap-
pears. A vertical black line was set in Fig. 4.1e for the critical temperature for
the ZBP, TZBPc ≈ 1.4 K.
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4.1.3 Conclusions

The device investigated was one of the two devices with leads of 55/5 nm of
V/Ti. The device was found to be in a less-defined regime. Even though the
device showed no clear carbon nanotube features, the investigation shed some
light on the superconductor and its properties. The bias spectroscopy (Fig.
4.1a) showed a clear superconducting gap of ∆ = 0.5meV , together with a zero-
bias peak with negative conductance on both sides of it. The ZBP could be
originating from supercurrent. Both the gap and the ZBP were investigated un-
der temperature and magnetic field (Fig. 4.1b-e) at a chosen backgate potential
and the critical values for each were determined. The critical values were found
to be remarkable high for the ZBP, and, if the ZBP originates from supercurrent,
this would make it highly interesting for future studies. The critical field for the
gap, B∆

C ≈ 3 T was found and is also the critical field for the superconductor.
This will be compared with the finds for the other vanadium device later. The
critical values for the ZBP were both found to be smaller than the critical values
for the gap, which indicate they origin from superconductivity. Sadly, as this
device did not show any CNT features, the origin of the ZBP were not further
investigated.
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4.2 Closed regime: Well-defined Coulomb blockade

This section will go over one of the two region examined in the second of the two
vanadium devices mentioned above, device H.2. It consist of a CNT contacted
by three Vanadium leads separated by 300 nm, where only two of the three
contacts were conducting†. The device was fabricated on top of 200 nm SiO2

between the backgate and the device. A false-coloured SEM image of a similar
device can be seen in the insert in Fig 4.5. No SEM images were obtained of
the actual device to avoid destroying it.

First, a backgate sweep was performed on the device, while the differential
conductance was measured. The results are shown in Fig. 4.2. Clear Coulomb
blockade peaks are seen in the measurement over a wide range of backgate
voltages, suggesting that a carbon nanotube is being probed. Due to bad leakage
from the backgate, it was not possible to go much farther than Vg = ±6 V in
backgate potential. There was not observed any complete pinch-off using the
backgate, so the nanotube is probably a small band-gap semiconductor.

Note that the differential conductance measured might not be the exact
value for the device, as a saturation around 1.9 e2/h was found (see Fig. B.3
in Appendix B.2). This was only found in this device and is assumed to arise
from a series resistance in the device.

Around Vg ≈ -4 V a group of Coulomb peaks can be seen that seem quite
regular and could show four-fold shell structure. A bias spectroscopy was per-
formed around this backgate voltage. The results can be seen below in Fig. 4.3.
In the next section (section 4.3) will another region be investigated, which is
the the backgate voltage range around Vg ≈ -1.5 V.
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Figure 4.2: Backgate sweep of device H.2: Measurement of the differential con-
ductance dI/dV as a function of backgate voltage Vg at zero bias with a 100
µV AC excitation at T = 5 K (normal state). The results show clear Coulomb
blockade peaks at both positive and negative backgate potential. Backgate leak-
age hindered a wider backgate range. Around Vg = -4 V regular peaks are found
that could indicate four-fold shell structure.

4.2.1 Bias spectroscopy plots

Figure 4.3 shows bias spectroscopy plots for the same backgate range in three
different situation: At high bias (4.3a), at low bias (4.3b) and in a normal state
(4.3c), caused by higher temperature, T = 4 K.

†Device H.2, Base-chip 4, see table 1 for more info
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Figure 4.3: Measurement of the differential conductance dI/dV as a function
of backgate voltage Vg and source-drain voltage VSD. The measurements are
at: a) high bias, b) low bias and c) normal state (at 4 K). In panel a, N
represent a even number of charges and the diamonds are named, where A,
C and E are assumed to be odd fillings and B, D and F are assumed to be
even fillings, which is further illustrated in panel c. Diamond E are used to
show the different energies and capacitances that can be extracted from the
measurement: The addition energy (Eadd), the level-arm (α) from ∆V addg and
the slopes a and b used for finding the capacitances for the source (CS) the drain
(CD) contacts together with the capacitance of the backgate (Cg). In panel b,
the superconducting gap is illustrated in diamond D to be ≈ ±0.50 meV.

In Fig. 4.3a, the high-bias spectroscopy at base temperature T = 30 mK is
shown and several Coulomb diamonds can be seen. The diamonds are named
”Diamond X”, where X = A...F. Four-fold degeneracy, as explained in section
2.1.2, can be seen from Diamond B to Diamond F, as the filling of the diamonds
follow a ”big-small” pattern suggesting even-odd symmetry. The symmetry
refers to the QD only allows one electron to enter or exit the island and therefore
the QD is occupied by alternating an even and an odd number of charges. As
explained in section 2.2.2, to occupy the QD with an even number of electrons,
an additional energy is needed beside the charging energy, UC , which is the level
spacing, ∆E. The addition energies will be investigated further below. This
extra energy from the level spacing causes the diamonds for even fillings to be
larger than the odd fillings, creating this ”big-small” diamond pattern referred
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to as even-odd symmetry. For a CNT-based QD, the energy degeneracy is four-
fold, as explained in section 2.1.2, which is what is observed in Fig. 4.3. This
further suggests that the device is indeed based on a carbon nanotube.

Diamond E has been used to illustrate an analysis of the quantum dot prop-
erties (such as addition energies), which will follow later in section 4.2.2. Close
to zero bias can the superconducting gap ∆ be seen, together with sup-gap
states. These are much clearer in the low-bias spectroscopy measurement at
base temperature shown in Fig. 4.3b. Here, the superconducting gap can be
determined to be ≈ ±0.50 meV, and horizontal lines have been placed as illus-
tration in 4.3b. This corresponds well with what was found in Fig. 4.1a for
the previous device, which was an identical system that did not show any clear
carbon nanotube features, for instance Coulomb blockade. The superconduct-
ing gap is clearly smaller than the charging energy, so this device is in the limit
∆� UC . Small areas of negative conductance can also be seen, for instance at
Vg = -4.18 V.

From Fig. 4.3b, it is observed that all the diamonds contain sub-gap tran-
sitions, which are the transition lines at around ±1 meV shaped like the YSR
sub-gap states illustrated in Fig. 2.10. These all are clearly separated in bias
from zero bias by approximately 1∆, as expected when both contacts are su-
perconductors. However, there is also transition lines with the same shape
closer to zero bias, at around ±0.5 meV. These lines might suggest that the
superconducting gap of one (or maybe both) of the superconducting contacts
are not a ”hard” gap, as showed in Fig. 2.6, but rather a ”soft” gap with a
small continuum of states inside the superconducting energy gap. This would
make the superconductor an intermediate of a metallic and superconducting
contact. However, a further investigation of these sub-gap transition lines were
not performed for this region, but for the next in section 4.3.

In Fig. 4.3c, the temperature has been increased to 4 K, so superconductivity
is suppressed, according to what was found in the previous section in Fig. 4.1.
This is clearly seen, as the energy gap ∆ together with the sub-gap transitions
all have disappeared.

The lines separating the Coulomb diamonds are broaden by the temperature,
but there is still a clear even-odd symmetry in the measurement. Labels of even
and odd have been put onto the Fig. 4.3c for illustration.

4.2.2 Quantum dot analysis: Addition energy and capacitances statis-
tics

As reviewed in section 2.2.2, the QD can be used as a probe for energies in the
material on which the dot is defined. This is exploited in this section, where
the energies of the carbon nanotube is extracted from Fig. 4.3.

From Fig. 4.3a, the addition energy, Eadd, can be determined for each of
the named Coulomb diamonds, as the height of the Coulomb diamonds without
the superconducting gap ∆, as shown in Diamond E. For instance, the addition
energy for Diamond D was found to be 7.2 meV. The diamond spans over around
52 mV in backgate voltage, which is named ∆V addg . The level-arm α can be
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determined from Eq. 7 in section 2.2.2: Eadd = α|e|∆V addg . By using several
addition energies, an estimation of the level-arm can be made: α = 0.138±0.008.
In this backgate range, it is assumed that the level-arm remains constant.

By using the level-arm, the rest of the diamonds addition energies can be
determined. The addition energies, EXadd, found was:
EAadd ≈ 6.3 meV, EBadd ≈ 8.1 meV, ECadd ≈ 5.3 meV, EDadd ≈ 7.2 meV, EEadd ≈ 5.9
meV and EFadd ≈ 11.8 meV.
From the addition energies, a pattern can be seen following the numbering of the
diamonds, which is illustrated in Fig. 4.4a. Due to its size, it is assumed that
Diamond F contains an even number of electrons. It is therefore expected that
the addition energies are higher for Diamond B, D and F than for Diamond
A, C and E, since there is a level spacing included in their addition energy:
EB,D,Fadd = Uc + ∆E. This is seen in the data, as the odd fillings (A, C, E)
do show a lower addition energy than the even fillings (B, D, F), due to their
addition energy does not contain a filling into the next orbital, which is the
energy from the level spacing ∆E. This four-fold degeneracy is clearly seen
from filling 3 to 6 (Diamond C to F), as filling 4 and 6 (D and F) have a larger
addition energy than filling 3 and 5 (C and E), with the last filling (Diamond
F) being the largest. This is further illustrated in Fig. 4.4b, where ∆E for each
of the fillings have been extracted.

a) b) Energy (meV)

ΔEF-E

ΔED-C

ΔEB-A
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Figure 4.4: a) Plot of addition energies versus filling from N charges, where N
is even. The filling follows the diamonds in Fig. 4.3a, marked by red letters.
The addition energy is given with uncertainties calculated from the level-arm,
α. b) A energy diagram of the level spacing (∆E) in the six diamonds showed
in Fig. 4.3. The values for ∆E is calculated as the difference between the even
and the odd diamonds.

From the extracted energies and the assumption that Diamond F is even, an
average addition energy for the two configurations can be found. The average

50



addition energy is Eoddadd ≈ 5.9 meV ± 0.4 meV for odd fillings and Eevenadd ≈ 9.4
meV ± 2.0 meV. The uncertainty on the even fillings is of course larger than
the odd fillings due to the significant size difference of Diamond F compared to
the other diamonds.

The two slopes a and b of diamond E (shown in Fig. 4.3a) can be used
to determine the capacitances of the system. These are the capacitance to the
source and the drain, CS and CD respectively, together with the capacitance of
the backgate Cg. They follow the expressions:

a =
|e|Cg
CS

, b =
−|e|Cg
C − CS

, C = CS + CD + Cg (14)

where e is the elementary charge and C is the total capacitance of the QD, which
comes from the charging energy: U = e2/C. By extracting a and b and having
the charging energy from above, the three equations can be solved for the three
capacitances. This was done for all of the 6 diamonds (A-F). A mean value
together with a standard deviation was calculated for the three capacitances,
and the results was:
Cs = 15.5 ± 4.6 aF, CD = 4.5 ± 1.6 aF and Cg = 3.1 ± 0.9 aF.
This gives a total capacitance of C = 23.1 ± 5.4 aF.

4.2.3 Magnetic field and Temperature dependence

Similar to the investigation of CNT devices in the less-defined regime in section
4.1, magnetic field and temperature dependencies was investigated for this de-
vice as well. First it was performed as bias spectroscopes in the same backgate
voltage range as for Fig. 4.3.

For magnetic field strengths, the bias spectroscopy was performed from 0 to
3 T in steps of 0.5 T. The bias spectroscopes for 0, 1.5 and 3 T are shown in Fig.
4.5. The rest are not shown. The direction of magnetic field was deduced from
geometry, as rotating the magnetic field did not show any angle dependence (see
Fig. B.4 in Appendix B.2).

Even though that the critical field was found to be B∆
c ≈ 3 T, most su-

perconducting features are suppressed at 1.5 T, as shown in Fig. 4.5b. The
zero-bias peak (ZBP) seems to be completely gone, even though BZBPc ≈ 2.1 T
was found in Fig. 4.1d. At B = 1.5 T, the sub-gap features are no longer clear
for all the diamonds, but can still be seen slightly for the odd diamonds, further
suggesting these sub-gap features arise from YSR sub-gap states. However, the
suppressed conductance inside the bias-window ±∆ is still slightly visible at B
= 1.5 T for all diamonds, but only for the odd diamonds at B = 3 T. This is
assumed to occur due to co-tunnelling processes, as explained in section 2.2.2.
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Figure 4.5: Bias spectroscopes of device H.2: Measurement of the differential
conductance dI/dV as a function of backgate voltage Vg and source-drain volt-
age VSD. The measurements are at: a) zero field, b) B = 1.5 T and c) B = 3
T. Similar measurements were performed for B = 0.5, 1.0, 2.0 and 2.5 T as
well, but is not shown here. The field was applied in the Z-direction (deduced
from geometry). Panel a is the same as Fig. 4.3b, except it is set to a lower
colour-scaling to fit the same scale as panel b and c. The vertical lines in panel
a illustrates backgate potentials chosen for further investigation.
Insert: Device geometry made from a false-coloured SEM image of a similar
device.

For different temperatures, at total of 9 different bias spectroscopes was
performed, ranging from 30 mK to 4 K. The temperatures chosen in-between
was 300 mK, 500 mK, 750 mK, 1 K, 2 K, 3 K and 3.5 K. The bias spectroscopes
for 0, 2 and 4 K are shown in Fig. 4.6. The rest are not shown.

From Fig. 4.6b, it is seen that already at 2 K is the zero-conductance
window inside the gap closed, giving a small conductance across the whole
bias range, except in Diamond F (around Vg ≈ −3.9 V), where conductance is
still suppressed. The gap is still clear to see at 2 K, together with the sub-gap
features. They all disappear at 4 K, since superconductivity is suppressed above
T∆
c ≈ 3.8 K, consisting with the measurements performed in section 4.1.
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Figure 4.6: Bias spectroscopes of device H.2: Measurement of the differential
conductance dI/dV as a function of backgate voltage Vg and source-drain volt-
age VSD. The measurements are at: a) base temperature 30 mK, b) T = 2 K
and c) T = 4 K. Similar measurements were performed for T = 0.3, 0.5, 0.75,
1.0, 3.0 and 3.5 K as well, but is not shown here. Panel a is the same as Fig.
4.3b, except it is set to a lower colour-scaling to fit the same scale as panel b
and c. The vertical lines in panel a illustrates backgate potentials chosen for
further investigation.

To gain a deeper understanding of the temperature and magnetic field de-
pendencies, cuts at different backgate voltages was performed, one at an odd
diamond and one at an even diamond. For this, diamond C and diamond D
were chosen for further investigation. The backgate voltages chosen was V Cg =

-4.056 V and V Dg = -4.008 V, respectively. Vertical lines have been made in Fig.
4.5a and 4.6a for illustration. The measurements can be seen in Fig. 4.7.

In Fig. 4.7a, the gap is seen at zero magnetic field and rapidly closing before
3 T. Above 3 T, a clear splitting is seen, where two transitions are increasing
in distance from each other with increasing magnetic field. This is clearly a
Zeeman splitting, where two spins with the same energy at zero magnetic field
are splitting as the Zeeman energy is different for each of them. The slope of
this splitting is read as ∂VSD

∂Bz
≈ 0.115 meV/T. From the Zeeman energy shown

in Eq. 2, the g-factor can be extracted using this slope. The g-factor found was
gs ≈ 2, which is the value for a free electron. It was expected to be higher, as
spin-orbit coupling was anticipated to affect the g-factor. The same is found for
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the even diamond in Fig. 4.7b at lower fields. There seem to be a splitting going
towards zero with increasing magnetic field, which ”drowns” most of the other
signals at higher magnetic field. This transition can also be seen in Fig. 4.5c
around Vg = -4.008 V (Diamond D) at negative bias as a atypical transition line.
This line shows a gate-dependence in Fig. 4.5c and a magnetic field dependence
in 4.7b, but its origin is not currently understood.
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Figure 4.7: Bias spectroscopes of odd and even diamonds: The measurements
for a and c are for the odd-filling configuration (diamond C at Vg = −4.056 V),
while b and d are for the even-filling configuration (diamond D at Vg = −4.008
V).
a,b) Measurement of the differential conductance, dI/dV , as a function of mag-
netic field strength in the Z-direction, BZ (deduced from geometry), and source-
drain voltage VSD.
c,d) Measurement of the differential conductance, dI/dV , as a function of tem-
perature, T , and source-drain voltage, VSD. The temperature range starts at
1.5 K and ends at 4.5 K.
On top of the measurements are the data extracted from the self-made 2∆-peak
extraction software (blue points) together with the best fit (green dashed lines)
for both all four cases. For the temperature cases, a fit using the original for-
mula is also showed (black dashed line).
A different colour scale was chosen for this figure to give a better contrast since
no negative differential conductance was found in these measurements.

For the sake of this project, a self-made software was developed to extract
the 2∆-peak transition lines. By fitting the data acquired from this software‡ to
Eq. 11 from section 2.4.2, the critical field can be extracted from both the odd
and the even diamond. The values are of course expected to be the same and
they were expected to fit the value found for Device H.1, which was B∆

c ≈ 3 T.

‡see appendix A.3 for more details on the software
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The critical fields for odd and even configuration were found to be Boddc ≈ 2.73
T and Bevenc ≈ 2.64 T, respectively. They are within 100 mT of each other and
can therefore be assumed to be equal. They are not far from the value found for
Device H.1, as was expected since they were both made with vanadium leads
and even made on the same chip. The extracted data (blue points) and the fits
(green dashed lines) made using Eq. 11 can both be seen in Fig. 4.7a,b.

The same kind of analysis can be performed for the temperature dependence
in Fig. 4.7c and 4.7d. The measurement was performed from 30 mK, but only
from 1.5 K to 4.5 is shown, as the rest showed weak temperature dependence.

For both cases, the superconducting gap is clear to see at the lower temper-
atures with a suppressed differential conductance inside the gap. A zero-bias
peak (ZBP) can be seen arising around 2 K. This could be due to the low reso-
lution of the measurement. However, the resolution of the measurements were
chosen from prior measurements of I-V curves of such a ZBP, so this should not
be the cause. As the temperature rises towards the critical temperature, the
ZBP broadens until it disappears in the ”no longer suppressed” conductance
above the critical temperature.

By using the same 2∆-peak detection software as above, the critical tem-
perature was extracted by fitting the data to Eq. 10 in section 2.4.2. However,
this did not fit the function very well. Therefore, an empirical modified version
was also used:

∆(T )

∆(0)
= 1.74 ∗

√(
1− T

Tc

)3

(15)

The extracted data (blue points) and the fits for temperature can be seen
in Fig. 4.7c,d, where the fits for Eq. 10 (black dashed lines) and Eq. 15
(green dashed lines) both are showed. From the fit using Eq. 15, the critical
temperature for both the odd and the even diamond was found to be T oddc ≈
3.87 T and T evenc ≈ 4.09 T, respectively. There is nothing suggesting these
values should be different, as the critical temperature only should depend on
the superconducting contacts.

In both Eq. 10 and 15, the value for the superconducting gap at zero temper-
ature is involved and can therefore also be extracted as well by using a second
degree of freedom for the fit. This gives the values for the superconducting en-
ergy gap for the odd and the even diamond ∆odd ≈ 0.62 meV and ∆even ≈ 0.61
meV, respectively. These fit well with the superconducting gap found at base
temperatures for these measurements, which can be found in the appendix B.2
(Fig. B.5 and B.6, respectively). However, they are larger than what was found
earlier for the same device in section 4.2.1.

Using the modified equation clearly shows better agreement with the data
in Fig. 4.7, especially since the fit for Eq. 10 gives a critical temperature for
the odd and even configurations at Tc = 4.8 K and Tc = 5.6 K, respectively.
These values are way too high according to Fig. 4.7c and 4.7d. This difference
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might occur because, according to the BCS theory, Eq. 10 only applies close to
Tc. The origin of this temperature dependence is currently not understood.

4.2.4 Conclusions

The device investigated was the second of the two devices with leads of 55/5
nm of V/Ti, measured in the backgate range -4.2 V to -3.8 V. The device
was found to be in the closed regime, i.e. with a weak coupling between the
quantum dot and the leads. This was visualized by the well-defined Coulomb
peaks found in Fig. 4.2 and the Coulomb diamonds found in Fig. 4.3a. The
diamonds showed four-fold degeneracy expected for a CNT-based device and the
addition energies, together with the capacitances of the system, were thoroughly
investigated, where all values were within what was expected. The device also
showed clear sub-gap transitions, probably originating from Yu-Shiba-Rusinov
sub-gap states. These sub-gap transitions were observed at a threshold of both
1∆ and 2∆, which indicates that one of the two superconducting leads (or maybe
both) does not have a hard, well-defined energy gap. The gap probably contain
a small continuum of states, which makes it an intermediate of a superconductor
and a normal metal, as explained in section 2.5.2.

Magnetic field and temperature dependence for the device were thoroughly
investigated. Bias spectroscopes of the same range of backgate voltages at
different magnetic showed that the sub-gap states had disappeared at 1.5 T, and
that the superconducting gap was still visible all the way to 3 T. At 3 T, inside
the Coulomb diamonds, the gap could be seen and above it, but still inside the
diamond, a increased differential conductance were found. This increase were
assumed to origin from co-tunnelling processes. A transition unknown of origin
were found in Diamond D, which was both gate and magnetic field dependent
(Fig. 4.5c and 4.7b, respectively).

Next, the magnetic field and temperature dependence of an odd and an even
diamond (Diamond C and D, respectively) were investigated and shown in Fig.
4.7. This showed the superconducting gap ∆ closing in each case. The gap
dependence was fitted in each case to Eq. 11 for the magnetic cases and to both
Eq. 10 and Eq. 15 for the temperature cases, where the second equation were
a modified version that gave the best fit together with the most realistic values
for ∆ and TC . Why the gap followed that temperature dependence is unknown.
The critical fields found through the fit of Eq. 11 corresponded well with what
was found for the previously shown vanadium device. The same is true for the
critical temperatures found through the fit of Eq. 15.
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4.3 More open regime: Zero-bias peak and sub-gap states

This section will go over the second of the two regions investigated in the vana-
dium device from above, device H.2. It therefore still consist of a CNT contacted
by two Vanadium leads separated by 300 nm fabricated on top of 200 nm SiO2.
The device can be seen in the insert in Fig 4.5c. This data was measured at
higher backgate potentials (closer to zero) than for the previous region in section
4.2, as shown by the two bias spectroscopes below in Fig. 4.8. This choice comes
from the high background conductance found in Fig. 4.2 around Vg ≈ −1.5 V,
as this could indicate a supercurrent. The region was then further investigated
by bias spectroscopy, shown in Fig. 4.8.

4.3.1 Bias spectroscopy plots

Many of the same features was found for this region as for the previous one,
such as Coulomb diamonds shown in Fig. 4.8a. These Coulomb diamonds all
have lower addition energies than above, but in the same order of magnitude as
before.

The diamonds are also in a much clearer even-odd symmetry than before,
together with a four-fold degeneracy, as shown in Fig. 4.8b, where a broader
range of backgate potentials are showed. The four-fold degeneracy can be seen
in the four first diamonds (Diamonds G to J), together with the next four ones
(Diamonds K to N). From this, it is assumed that Diamond G is odd, together
with Diamond I, K and M, while Diamond H, J, L and N is even.

The superconducting energy gap ∆ can be seen in Fig. 4.8a inside the
diamonds, proving that this region is also at the limit ∆ � UC . Vertical lines
were set in Diamond J from Fig. 4.8a as illustration. The gap is easier to
see in Fig. 4.8b, where it can be determined to be around 500 µeV, which
fits well with what was found for the two other vanadium-contacted cases in
section 4.1 and 4.2. Similar to the other region for this device can clear sub-
gap transitions be observed inside the superconducting energy gap. These are
separated in bias by 1∆, as observed previously, which is expected for YSR sub-
gap states in devices with two superconducting leads, as explained in section
2.5.2. In Fig. 4.8b, there are also observed transition lines with the same shape
as the other sub-gap transitions, originating around 1∆, just as for the previous
region. These suggest that the superconducting energy gap of one (or both) of
the superconductors contains a small continuum of states, making transitions
inside the gap arise from an intermediate of a superconductor and a normal
metal lead. However, these transition lines are not as strong as for the previous
region, especially for some of the diamonds, e.g. Diamond J. This could suggest
a small backgate dependence for the coupling of the QD to the leads. These
sub-gap transitions are investigated further below.
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Figure 4.8: Measurement of the differential conductance dI/dV as a function
of backgate voltage Vg and source-drain voltage VSD. The measurements are
at: a) high bias and b) low bias, both performed at T = 30 mK, but not in
the same backgate range, as shown on the x-axis. There is a small shift in the
backgate potential between the two measurements, where the diamonds in panel
a is shifted more towards zero. Naming of the diamonds are put into the figure
for illustration. The diamonds K and M have no marks in either panels, as there
is a zero-bias peak that would otherwise be difficult to see. The superconducting
gap ∆ can be seen in both panels and is illustrated in panel a.

4.3.2 Investigation of the sub-gap transitions

The sub-gap transitions observed in Fig. 4.8b assembles Yu-Shiba-Rusinov
(YSR) sub-gap states much more than the sub-gap states in section 4.2, espe-
cially due to the quenching of the sub-gap states in the odd occupied diamonds
(Diamond K and M). Therefore, a more thorough investigation of these sub-gap
transitions will be performed in this section, to clearly determine their origin.

In Fig. 4.9, a schematic illustration of the YSR sub-gap states and the
different transport configurations for the states is showed. Figure 4.9a shows
the sub-gap states as seen in a bias spectroscopy, where both the sub-gap states
from a superconductor (S) probe (cyan line) and from a normal metal (N) probe
(red line) are showed. The excitation energy ζ depends on which probe is used
and the occupation on the quantum dot (QD), which is what is observed in
Fig. 4.8b as well. Three points of interest have been chosen for examination of
the transport process and is showed as energy diagrams in Fig. 4.9b-d. All are
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made for the case of a superconductor-quantum dot-superconductor (S-QD-S)
system, where the left superconductor is used as a probe, represented by the
asymmetric tunnel barriers.

In Fig. 4.9b, a co-tunnelling process is showed at bias VSD = 2∆/e, with
an even occupation of the QD and at a backgate potential corresponding to the
highest excitation energy of the QD configuration. The quasi-particle in the
probe is transported through tunnelling to the QD, where an electron already
on the QD is simultaneously transported to the empty states above the gap of
the right superconducting lead. Here it can form a Cooper pair (CP) with an
electron of opposite spin from the other side of the gap. The YSR sub-gap states
are not showed, as they have been pushed to the gap edges, so their excitation
energies are ζ = 2∆. This is observed in Fig. 4.8b at backgate potentials Vg
= -1.55 (Diamond J) and Vg = -1.43 (Diamond L), both even diamonds and
both have their S-QD-S YSR sub-gap states at the gap. Their ”inner” sub-gap
states for the normal case, N-QD-S, arising from the soft gap of one or both of
the superconductors, have excitation ζ = ∆ at the same backgate potentials.

In Fig. 4.9c, another co-tunnelling process is showed at bias VSD = ∆/e.
The QD is in a degenerate configuration, i.e. the odd and the even occupation is
degenerate. Single electron transport through the dot is permitted at zero bias
for a N-QD-N system, but this is not necessarily the case when working with
superconductors due to the superconducting gap ∆. For a superconductor, at
the Fermi energy in the middle of the gap, electrons have paired up together to
form Cooper pairs (CPs) and need an excitation energy of ∆ to break up the
pair. For the situation showed in Fig. 4.9c, a CP is essentially transported into
the superconducting lead. The two symmetrical YSR sub-gap states have been
pushed together at the Fermi energy, giving the opportunity for two electrons
of opposite spin to tunnel to each their own YSR sub-gap state, and here form
a CP, which can be transferred into the superconductor. For a N-QD-S system,
this would give an excitation energy ζ = 0, so the YSR sub-gap states would
appear at zero bias. But for a S-QD-S system, due to the gap in the other
superconductor, a bias of VSD = ∆/e is needed to align the occupied states of
the probe with the Fermi energy of the superconductor coupled to the QD. This
is observed in Fig. 4.8b at backgate potentials Vg = -1.5 (between Diamond J
and K) and Vg = -1.4 (between Diamond L and M), where both have excitation
energies for their S-QD-S YSR sub-gap states at a minimum, which is ζ = ∆.
Their sub-gap states for the N-QD-S situation from the soft gap have excitation
ζ = 0 at the same backgate potentials.

Figure 4.9d, a co-tunnelling process is showed at bias ∆/e < VSD < 2∆/e,
with an odd occupation of the QD. Here, the YSR sub-gap states are neither
at the edges of the superconducting gap or at the Fermi energy, but somewhere
in-between. The co-tunnelling process works just like the one from Fig. 4.9b,
but since the YSR sub-gap states are not pushed to the edges of the gap, a lower
excitation energy is needed: ζ < 2∆. For the N-QD-S system, the excitation
energy would be ζ < ∆. This is observed in Fig. 4.8b at backgate potential Vg
= -1.48 (Diamond K) and Vg = -1.38 (Diamond M), where the YSR sub-gap
states are quenched compared to the sub-gap states of the adjacent diamonds.
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Figure 4.9: a) Schematic illustration of bias spectroscopy for a S/N-QD-S sys-
tem with asymmetric tunnel barriers. The cyan line represent YSR sub-gap
states, where both contacts are superconductors, while the red line represent
YSR sub-gap states with a normal probe instead. The excitation energy ζ de-
pends on the occupation of the QD and coupling to the superconducting leads.
Three transport situations are showed in the other panels: the green circle is
seen in panel b, the blue circle in panel c and the magenta circle in panel d.
b) Co-tunnelling transport process of quasi-particle at even occupation of the
QD at bias VSD = 2∆/e: The quasi-particle is transferred from the reservoir
in the left lead to the QD, where another electron is simultaneously transferred
to the empty states above the gap in the right lead. c) Transport process of
a Cooper pair inside the superconducting gap ∆ at degenerate configuration of
the QD. The two symmetric YSR sub-gap states have been pushed to the Fermi
energy, making it possible to transport two quasi-particle of opposite spin and
combine them into a Cooper pair, which can enter the gap of the right super-
conducting lead. A bias of VSD = ∆/e is needed to align with the YSR sub-gap
states, as the left lead is a superconductor as well. d) Co-tunnelling transport
process of Cooper pair at odd occupation of the QD at bias ∆/e < VSD < 2∆/e.
A quasi-particle tunnels onto the QD, where the electron already on the QD is
transferred to one of the YSR sub-gap state, here to +ζ. A similar process
is performed simultaneously to the YSR sub-gap state −ζ (not shown). They
combine to a Cooper pair at the Fermi energy and enters the right supercon-
ductor.
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4.3.3 Zero-bias peak analysis

In this region, a very clear zero-bias peak (ZBP) can be seen in Fig. 4.8b in the
backgate potential range -1.35 V to -1.5 V, which was not found in the previous
region from section 4.2. If this ZBP arises from supercurrent, this would further
indicate that the device in this backgate region is in a more open regime than
at the lower backgate potentials, i.e. the quantum dot is better coupled to the
leads. This would also fit with the lower addition energies for the Coulomb
diamonds and might also explain the weaker inner sub-gap transitions.

To examine if this ZBP arises from supercurrent, a zoom-in measurement
was performed to get the resolution needed for further investigation. This mea-
surement is showed in Fig. 4.10a. A fit for each backgate value of Diamond L
was performed using a modified Bessel function§ (adapted from J. C. Estrada
Saldaña et al.):47

I(VSD) =
RJ

RJ +R

(
ICIm

[
I1−iη(VSD)(β)

I−iη(VSD)(β)

]
+
VSD
RJ

)
(16)

where η(VSD) = h̄VSD/(2eRkBT ), β = Ich̄/(2ekBT ) is the ratio between the
Josephson energy and the thermal energy, IC is the critical current, RJ is the
resistance of the junction and R is the resistance to the leads. The fit was
performed with RJ = 1 GΩ, R = 9.1 kΩ and a temperature of T = 80mK,
which should correspond to the temperature of the electrons in the dilution
fridge. The resistance for the junction used for the fit should be a good estimate
of the real value for the system, as it is in the middle of a Coulomb diamond.

The critical current found for each backgate voltage is shown in Fig. 4.10b.
It should be noted that at the degeneracy points, i.e. at the intersections of the
diamonds at zero bias, the fit failed, so the quantitatively value for IC cannot
necessarily be completely trusted. However, in-between the two degeneracy
points, the fit performed well, as illustrated in Fig. 4.10c, where a example of
such a fit is showed (blue curve) on top of the line-cut at Vg = −1.4 V.

The evolution for IC with backgate potential shown in Fig. 4.10b shows a
strong dependency on the occupation on the QD. This might have been expected
already from Fig. 4.8b, where the ZBP only arose in some of the Coulomb
diamonds. However, the evolution also shows a strong dependence inside a
single diamond, here Diamond L. The critical current IC mostly depends on
the height of the ZBP, which in Fig. 4.10a is seen as strong red colour. The
evolution from 4.10b with backgate potential can be seen in Fig. 4.10a as
well. This evolution makes sense, since supercurrent would be more probable at
the degeneracy points, where the electrochemical potential on the dot is aligned
with the Fermi energy of the leads, while inside the diamond, where no available
electrochemical potential is found, the supercurrent should be suppressed, which
is what is observed in Fig. 4.10b.

§These fits were performed with a software made by J. C. Estrada Saldaña.
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Figure 4.10: a) Measurement of differential conductance as a function of back-
gate voltage Vg and source-drain voltage VSD around the zero-bias peak seen in
Diamond L from Fig. 4.8b. The backgate had shifted between this measurement
and the one from Fig. 4.8b. Naming of the diamonds are put into the figure
for help. The measurement was performed with high resolution to gain many
data-points for zero-bias peak fitting. b) Critical current from fit of zero-bias
peak, IC , as a function of backgate voltage Vg. c) Example of a good fit (blue
curve) from panel b on top of the line-cut in backgate voltage (red curve). The
fit is performed at Vg = −1.40 V.

4.3.4 Conclusions

The device investigated was the second of the two devices with leads of 55/5
nm of V/Ti, measured in the backgate range -1.6 V to -1.3 V. The device
was found to be in the a more open regime than the previous region. Both
Coulomb blockade and a supercurrent was found in the device, both shown in
Fig. 4.8. The diamonds showed four-fold degeneracy and lower the addition
energies than in section 4.2, which was expected for a CNT-based device in a
more open regime.

The device also showed clear sub-gap transitions, which were proven to orig-
inate from Yu-Shiba-Rusinov sub-gap states. These YSR sub-gap states were
observed at a threshold of both 1∆ and 2∆, which proves that at least one of the
two superconducting leads does not have a hard, well-defined energy gap, but
contain a small continuum of states, as observed for the other region. But for
this region, the coupling between the QD and the superconductor was stronger,
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so the quenching in the doublet state (odd occupation) could be seen clearly,
as explained in theory section 2.5.2. This proved that the sub-gap transitions
found for this system, device H.2, all originated from Yu-Shiba-Rusinov sub-gap
states. The difference between them (section 4.2 versus section 4.3) probably
originates from a small backgate dependence for the coupling between the QD
and the superconductor, as explained in Fig. 2.11.

Lastly, the ZBP inside Diamond L were investigated more closely. The criti-
cal current IC was extracted from each backgate voltage inside the diamond and
IC was found to follow an expected pattern of high critical current at the de-
generacy points and suppressed critical current in the middle of the diamond. If
more time were given, a deeper investigation of the ZBP would be recommended
and prioritised.
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4.4 Very open regime: Fano Resonances

As stated earlier in section 2.3, Fano resonances (FRs) arises from an interference
of a resonant, coherent channel and a non-resonant incoherent channel.17 This
coherent channel can only arise, when the coupling to the contacts are strong,
so this channel has to be in the open regime. But the incoherent channel has to
be from a closed regime, as the quantum dot from section 4.2. This is difficult to
imaging in a single-walled carbon nanotube that it can be coupled to the same
two contacts so differently for each channel. Besides, the phenomenon of FR
has nothing to do with superconductivity and was therefore not the focus of this
work. But since FR is independent of superconductivity, other superconductor
phenomena can arise together with it, such as Andreev reflection, which can
prove to be interesting.

For a future project or device, it might also be interesting to see these Fano
resonances with a Cooper pair splitter based on a CNT.48

Fano resonances was only observed in one device of this work, device C.1 (see
table 1). This device was made with leads and bonding pads of Al, deposited
together using a double exposure technique from section 3.3.1, and was made
on top of 200 nm of SiO2. A schematic of the device can be seen in the insert in
Fig 4.11, where only the two left leads were conducting. No SEM images were
obtained of the actual device to avoid destroying it.

The other devices from the same batch¶ had several issues, such as high
contact resistance and large backgate leakage. Due to these issues for similar
devices, it was never anticipated to experience any such phenomenons as Fano
resonances, since they require for the device to be in the open regime.

The first measured device that had reasonable contact resistance after being
cooled down to cryo-temperatures was Device C.1. This device is made with
Ti/Al-leads and bonding pads, all put down in one single lithography step to
minimize exposing the carbon nanotubes to PMMA resist. The layers of metal
was 5 nm of Ti and 90 nm of Al. A thinner layer of Al is often preferred to
give a higher critical field. This thickness was chosen to be this large, because
the bonding pads were made in the same step, and the bonding process might
penetrate the SiO2 on the wafer, if the metal is not thick enough. This would
give a major current leakage from the backgate, which needed to be avoided.
However, a significant backgate leakage was still found, so the measurements
were limited to a small gate voltage range.

4.4.1 Bias spectroscopy plots

The overview measurement was performed as differential conductance as a func-
tion of backgate voltage, Vg, and source-drain voltage, VSD, which is shown in
Fig. 4.11a. This measurement shows an enhanced conductance around zero bias

¶Device C.1, See table 1 for more information.

64



at ±0.25meV for most of the backgate range, together with diamond-shaped fea-
tures. A small off-set is seen in 4.11a, but is later corrected for. This enhanced
conductance seems to be an increase in differential conductance of a factor of 2,
which is what would be expected from Andreev reflection (AR), as explained in
section 2.5.1. The enhancement arises from a reflection of an incident electron
at the interface between one of the leads and the QD. The electron is reflected
as a hole, corresponding to transmitting another electron, which the incident
electron can form a Cooper pair (CP) with and thereby tunnel to the super-
conducting lead. This would effectively create a peak instead of a gap in the
differential conductance inside the superconducting energy gap ∆. This fits
well with the decrease in conductivity around zero bias at the highest backgate
potentials shown in Fig. 4.11a (next to the insert). Here it looks like an ordi-
nary superconducting gap with suppressed conductance inside the gap. To be
sure if the enhancement is related to superconductivity, different magnetic field
strengths are applied to the device. These can be seen in Fig. 4.11b-e.

In Fig. 4.11b-e, the ranges of the source-drain and backgate voltages are
more narrow, to zoom in on the features closer to the zero bias and around
more systematic diamonds. It is clear to see that the enhanced conductance are
significantly decreased at a field of 100 mT, and has vanished at 150 mT, which
suggest superconductivity. This gives a superconducting gap of ∆ ≈ 125µeV,
as the enhancement ends at 0.25 meV, which would correspond to 2∆. This is
comparable with what has previously been found.1 However, as this is observed
as an enhancement and not a suppression of conductance, the gap is expected
to be observed as a bit larger. But the value corresponds well with what has
previously been calculated using BSC theory for aluminium leads for similar
devices.34

Even though the device seems to be in a more open regime than for section
4.3, no zero-bias peak (ZBP) can be seen inside the gap. This was not expected,
as a ZBP for supercurrent should be observable for devices in the open regime15

and was even found for the previous device in section 4.3.
The diamond-shaped features does look like Coulomb diamonds, but because

the features are not enhanced, but decreased differential conductance, this sug-
gest that they arise from Fano resonances (FR).28,34,42 This is investigated
further below.
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Figure 4.11: Measurements of differential conductance, dI/dV , as a function of
backgate voltage, Vg, and source-drain voltage, VSD, for device C.1, performed:
a) at a large range of backgate and source-drain voltages and b-e) at different
magnetic fields applied to the Z-direction. Panel b-e is focused on the black
frame shown in panel a. Enhanced conductance can be seen around zero bias,
suggesting superconductivity, and diamond-shaped features of decreased differ-
ential conductance suggest Fano resonances. A different colour scale was chosen
for this figure to give a better contrast, since no negative differential conduc-
tance was found in these measurements. Insert: A schematic of the device
geometry (not a SEM image) made from the design-file of the device. Only the
two left leads were conducting.

To investigate the diamond-shaped features of decreased differential conduc-
tance, a cut through zero bias is made in Fig. 4.11e around Vg = 0.6 V. The
data from Fig. 4.11e is chosen because superconductivity is suppressed by the
magnetic field, so the diamond-shaped feature is easier to investigate, and be-
cause the resonances are quite clear at Vg = 0.6 V. The data from the cut can be
seen in Fig. 4.12 (blue points) and shows a discontinuity. To see, if it is indeed
Fano resonances, the data was fitted to the energy-dependent conductance in
Eq. 8. The fit (green dotted line) is shown together with the data. The values
found for the fit was Gnonres = 1.513 S, Gres = 0.281 S, Γ = 0.004 and q =
-1.029. It shows a q-value that corresponds to a asymmetric peak, as expected
by the data. But the resonant channel seem to contribute less to the conduc-
tance than the non-resonant channel, as shown by Gres and Gnonres. This was
unexpected, as a more open channel is expected to conduct better than a closed
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one, for instance a quantum point contact versus a quantum dot.
However, this fit is clearly not optimal, especially at the ends of the backgate

range. Therefore, another fit with a linear conductance background (red line)
is also shown in Fig. 4.12. The values found for this fit was Gnonres = -
0.521 S, Gres = 0.314 S, Γ = 0.009 and q = -0.947. This fit was made with
a linear energy-depending background conductance, with a slope of a = 3.330
S/eV. It was reasonable to assume the background conductance had a small
gate-dependence across the resonance. The fit for Eq. 8 together with a linear
background fits very well with the data and further proves that these lines of
suppressed differential conductance comes from Fano resonances. The value of
q for this fit is still a asymmetric fit, as it should be, and the two conductance
contributions from the two interfering channels are closer to each other, which
seem to match the understanding better.

However, FR are not a superconducting feature and, as stated earlier, not
the focus of this work. Therefore, an investigation of the superconductivity with
respect to magnetic field was performed on the device.
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Figure 4.12: Line-cut at zero bias of measurement shown in Fig.4.11e (at 150
mT). The data (blue points) shows a discontinuity around Vg = 0.6 V. A fit
is shown for energy-dependent conductance from Eq. 8 (green dashed line).
Another, better fit is also shown for energy-dependent conductance from Eq. 8,
but together with a linear energy-depending background conductance (red solid
line).
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4.4.2 Magnetic field dependence

In Fig. 4.11, we saw that the enhanced conductance had disappeared at 150
mT. This was investigated further to find the exact value for the critical field,
together with any angle dependence. The results can be seen in Fig. 4.13.

In Fig. 4.13a, the differential conductance as a function of magnetic field
strength, BZ , and source-drain voltage, VSD, is shown, while in Fig. 4.13b,
the differential conductance as a function of magnetic field rotation, θrot, and
source-drain voltage, VSD, is shown. The direction of BZ was estimated from
geometry from the insert in Fig. 4.11a. For Fig. 4.13a, which is performed at
θrot = 0 (with respect to BZ), it is observed that the enhanced conductance
breaks down around BC = 110 mT. This is the critical field for the aluminium
leads‖ of this system, BAlc ≈ 110 mT. At higher magnetic fields, a splitting is
clear, just as seen in Fig. 4.7a,b for the second vanadium device. The slope of
the splitting is read as ∂VSD

∂Bz
≈ 0.44 meV/T, which , according to the Zeeman

energy from Eq. 2, corresponds to a g-factor of gs ≈ 7.6. This seems very high,
which is desirable, but unfortunately no further investigation in this device was
performed.

In Fig. 4.13b, the rotation measurement is performed for a complete trip
around the device, 2π, taken at a magnetic field strength of 1 T, way above the
critical field. A splitting is clear below θrot = -0.5π and above θrot = 1.0π, both
with respect to BZ .

At the ”maximum” of this splitting, the magnetic field would be parallel
to the plane of the device, according to Eq. 4. This gives a parallel field at
B‖ = -1.15π. This fits well with the device geometry, as shown in the insert
in Fig. 4.11a, as the angle is made with respect to the Z-direction. At the
”minimum” of the splitting, i.e. in the middle of the collapse of the splitting,
the magnetic field would be perpendicular to the plane of the device. This gives
a perpendicular field at B⊥ = 0.419π.

‖Here, a layer of 90 nm, for more infomation, see table 1
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Figure 4.13: Analysis of BC , B‖ and B⊥: a) Measurement of differential con-
ductance dI/dV as a function of magnetic field strength (BZ) and source-drain
voltage (VSD), performed at θrot = 0. The geometry of the device can be seen
in the insert in Fig. 4.11a. A critical field strength, BC , can be seen as 110
mT, together with a splitting at higher magnetic fields. b) Measurement of dif-
ferential conductance dI/dV as a function of magnetic field rotation (θrot) and
source-drain voltage (VSD), performed at a magnetic field of 1 T. The angles
for B‖ and B⊥ can be seen as -1.15π and 0.419π, respectively.

The rotation of the magnetic field for this device gave a good idea of the
directions and geometry of the device, especially compared to the similar mea-
surements made for the vanadium device, as shown in Fig. B.1 (Appendix B.1)
and B.4 (Appendix B.2), respectively. The difference between the measure-
ments for the vanadium devices and for this device, is that the measurements
were performed below the critical field for vanadium, BVC ≈ 3T , which was
found in section 4.1. These measurements were instead performed at 1 T and 2
T, respectively, and only showed what seems to be the superconducting energy
gap ∆. They were kept at a maximum of 2 T as the electromagnet for the
X-direction had a practical limit around that value. If the magnet were pushed
above this limit, it might start to generate heat and therefore warm up the sys-
tem. But if more time were given for this project, additional measurements of
the rotation of the magnetic field at higher field strengths would be a priority.

4.4.3 Conclusions

To shortly summarize, the device investigated in this section was a CNT-based
device with 90/5 nm Al/Ti of both leads and bonding pads from a double
exposure (see section 3.3.1). In spite of all the contact issues for this and
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similar batches, the device was found to be in the open regime, i.e. strong
coupling between the leads and the quantum dot. This was visualized as Fano
resonances seen in Fig. 4.11, with a asymmetric shape according to the q-
value found for the fit in Fig. 4.12: q = −0.947. The asymmetric peak fitted
Eq. 8 best with a linear background conductance (see red line in Fig. 4.12).
The device was also investigated under a magnetic field, which showed that the
enhanced conductance below |VSD| ≈ 0.25 meV arises from superconductivity,
with a superconducting gap of ∆ = 125µeV. The reason that the conductance
inside the gap is enhanced and not suppressed were due to Andreev reflections
at the interface between the superconductor and the quantum dot. A rotation of
the magnetic field was performed as well at a magnetic field strength way above
the critical field, which gave confirming information about the device geometry.
This proved that the magnetic field chosen for the rotations for the vanadium
devices was too low and should have been performed above the critical fields as
well.
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5 Conclusions and perspectives

This master thesis aids in the understanding of hybrid quantum dot devices
based on carbon nanotubes. Several different regimes can be seen in these types
of devices, depending on the coupling between the leads and the nanotube. In
this project, devices based on single-walled carbon nanotube with two supercon-
ducting leads were fabricated and measured. These devices were mostly with
vanadium as superconducting leads, which has large critical values. This leads
to a large superconducting energy gap ∆, which makes these devices the ideal
platform for investigating sub-gap phenomena. With the large critical field for
vanadium, they also give the perfect opportunity to investigate these phenomena
under a strong magnetic field.

First, the superconducting vanadium was studied using a device in a less
well-defined regime. The superconducting gap was clear, large and well-defined,
confirming that vanadium was an ideal choice of superconductor. Here, the
critical values were found, to compare with future found and so the limits for
further measurements with vanadium leads could be determined. A zero-bias
peak (ZBP) was observed over a wide range of backgate potentials. This ZBP
was also investigated under a magnetic field and with varying temperature and
it was found to be able to withstand magnetic fields up to 2 T and a temperature
up to 1.4 K, which both a remarkable high values. This would especially make
future measurements of a ZBP under a magnetic field interesting.

Secondly, another vanadium device was investigated. This was divided into
two region, each with it own backgate potential range. In the first region,
clear Coulomb blockade was found together with superconductivity, showing
the device for this region was in the closed regime, as the coupling to the leads
was weak. The Coulomb diamonds were thoroughly analysed, where addition
energies and capacitances were extracted and found to be within what was
expected, as was the value for the superconducting energy gap. The charging
energy of the quantum dot was clearly larger than the gap, and inside the gap
was clear sub-gap transition lines found, assembling Yu-Shiba-Rusinov (YSR)
sub-gap states. These came in pair of two, one at ∆ and one at 2∆, which
could indicate that the superconducting leads had a soft energy gap. However,
the coupling was too weak to see concrete prove that these sub-gap transitions
were indeed YSR sub-gap states. The Coulomb diamonds were also showing
a four-fold degeneracy pattern, proving that the device indeed was based on a
carbon nanotube. A deep investigation of the magnetic field and temperature
dependence of the region was also performed, for both an even and an odd
diamond. A g-factor of 2 was found for both cases, which matches a free electron
and showing no additional spin-orbit coupling in the carbon nanotube. The
superconducting gap was also in focus, where a fit for each of the dependencies
were performed and the critical values extracted. The critical values agreed
with what was found for the first device. However, the temperature dependence
were not neatly following BCS theory, so a modified version of the evolution
was used for the fitting procedure instead.

In the second region of the device, Coulomb diamonds was again observed,
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but with a lower addition energy and with a strong ZBP across several diamonds,
indicating this region was in a more open regime than the previous region. Here
was again a clear superconducting energy gap and sub-gap transition lines, how-
ever these were highly dependent on the occupation of the quantum dot. This
were investigated and it was proven that these transition lines originated from
YSR sub-gap states. This showed that the sub-gap transitions from the previ-
ous region also was from YSR sub-gap states and indicated that the coupling
between the QD and the leads for the device had a small backgate dependence.
The ZBP was also investigated closer and it was fitted to a modified Bessel func-
tion to see, if it originated from supercurrent and, if so, to extract the critical
current. The fit worked well far from the degeneracy points of the Coulomb di-
amond and proved that the ZBP was from a supercurrent. The critical current
was highly dependent on the backgate potential, as it was found to be strongest
at the degeneracy points and weakest in the middle of the Coulomb diamond.

Lastly, a device with aluminium leads was investigated, which showed Fano
resonances together with superconductivity. The Fano resonances showed that
the device was in the very open regime, i.e. the coupling to the superconductors
were strong. A fit to the energy-dependent conductance for Fano resonances
were performed and the values extracted. The fit was best if a linear background
conductance was added to the calculations.

As conclusion of this thesis, two perspectives are outlined:
First, the issues with contacting carbon nanotube severely limits the possi-

bilities of more advanced device geometries. Not a single three- or four-terminal
device fabricated in this project has had more than two contacts been conduct-
ing, and, as shown in Fig. 3.10, most of the contact resistances were too large to
overcome. For this project, a large quantity of device were fabricated, simply to
overcome the high statistic of a failed device. If more time was given, alternative
fabrication techniques, such as the inverse method from section 3.4, would be
studied and developed, so a higher success ratio could be achieved.

Secondly, as these vanadium devices showed a high critical field, other de-
vice geometries involving magnetic field could be of great interest as a study.
These geometries could for instance be a superconducting quantum interference
device (SQUID). Such SQUID devices were already tried at the very end of this
project, where sputtered Rhenium Molybdenum (ReMo) was used as a super-
conductor. This was before the patching of the vanadium devices (see table 1),
so this superconductor was tried instead. Only 8 of these device were fabricated
and not a single one was conducting. However, as the vanadium devices showed
great promise, future SQUID device would have been fabricated with vanadium
contacts. If an alternative fabrication method could give better contact resis-
tance as well, these device could open the doors for many new and interesting
experiments.
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Appendix

A Former projects

Here will there shortly be presented relevant former projects made in QDev,
together with some of the results and findings.

A.1 Atomic layer deposition fencing effect

A research project prior to this project was to determine a technique for fab-
ricating isolating oxide layers by using Atomic Layer Deposition (ALD) and a
Heidelberg LED-writer. The oxide layer were creating high walls, known as
fences or Batman ears, around the edges of the defined oxide layer, which could
create problems in making ohmic contact to anything deposited on top of the
oxide layer. These walls arose from the developed resist layer, where the ALD
would climb the walls of the resist. A way found to avoid this was two-fold.
By making a undercut through more development time made it more difficult
for the ALD to climb the well-defined resist walls, and by making the lift-off
progress longer and more ”violent” through sonication, the walls could be partly
destroyed.

Figure A.1: SEM image of oxide layer deposited with optical lithography and
ALD without anything underneath. The image shows high walls at the end of
the oxide layer, which can give problems for making ohmic contact to anything
made on top of the oxide layer.
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A.2 Bachelor project: Yu-Shiba-Rusinov sub-gap states

For my bachelor project, I wrote an article titled ”Fabrication and measurement
of hybrid quantum dot devices featuring Yu-Shiba-Rusinov sub-gap states”.32

The concept was to fabricate a double dot device based on InAs nanowires with
7 nm of epitaxial aluminium on 3 of the 6 facets and measure Yu-Shiba-Rosinov
(YSR) sub-gap states. A short summary can be seen in Fig. A.2.
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Figure A.2: A summary of results from bachelor project article. a) Schematic
of cross-section of a finished device (not for scale). There are 17 bottom gates
for making the double-dot potential and 7 gates under the etch window.
b) Measurement of differential conductance as a function of two gate potentials
(one for each dot) on a double QD system. The measurements show Coulomb
honeycombs at V DCSD = 0, BZ = 200 mT and with AC voltage with amplitude
V ACSD = 5µV and frequency f = 127 Hz. c) A measurement of differential
conductance as a function of gate voltage and bias voltage for a QD-S system
with a S-probe at zero field. Clear YSR sub-gap states in Coulomb diamonds are
visible. A even-odd symmetry can be seen. The states do not cross at VSD = 0,
but the gap is not clear. d) Measurement of Coulomb honeycomb from a double
dot system at V DCSD = 1mV , BZ = 200 mT and with AC voltage with amplitude
V AC = 5µV and frequency f = 127 Hz. The colour scale is made of the square
root of difference conductance to highlight the small transitions.
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A.3 Superconducting energy gap detection software

In connection with this project, a self-made 2∆-peak detection software was
developed to investigate the evolution of the superconducting energy gap ∆
with magnetic field and temperature. The software works by scanning the data
for differential conductance dI

dV as a function of positive source-drain bias VSD
at every magnetic field or temperature value, starting from zero and until a
chosen cut-off value, which is often set to the best guess for the critical value.
The software opens up a ”window” around an expected value for the 2∆-peak at
zero magnetic field or temperature. The data-scan starts from the highest value
of VSD of the window and scans the window downwards, finding the index of
any peak with a given width. The width is chosen depending on the resolution
of the measurement. When it goes on to the next value for the magnetic field
or temperature, it changes the bounds of the window depending on magnetic
field/temperature and thereby following the expected trend of the 2∆-peak,
saving all the peak-indices. The peak indices are converted to bias using the
data from VSD and is return to the user.

75



B Additional Devices and Measurements

This appendix will include some additional measurements for the different de-
vices covered in chapter 4, together with some measurements of devices not
shown in this work, as they did not provide new information. All figures have
a colour scale without negative conductance.

B.1 Device H.1: Additional measurements

In this section, additional measurements for the first vanadium device, H.1, is
shown.

The following figure (Fig. B.1) shows a bias spectroscopy with rotation of a
magnetic field applied to the sample at 1 T. It showed no angle dependence at
this magnetic field strength. Unfortunately, no other measurements at higher
magnetic fields were performed, so the direction of the magnetic field could only
be deduced from geometry and not confirmed by measurements.
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Figure B.1: Additional measurement of differential conductance as a function
of source-drain voltage, VSD, and angle of the magnetic field (in units of π),
measured at 1 T. No angle dependence was found at this field strength and no
other measurements were performed at higher fields. Switches at 0 and 4 π can
be seen as well.

The following figure (Fig. B.2) shows a high-bias spectroscopy of Device
H.1. This measurement showed nothing of interest at high bias and thereby no
additional information compared to Fig. 4.1a. It was therefore excluded from
the main text.
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Figure B.2: Additional measurement: Broad bias spectroscopy for Device H.1
of differential conductance dI/dV as a function of backgate voltage Vg and
source-drain voltage VSD, taken at zero magnetic field. The measurement was
performed in search of CNT features such as Coulomb diamonds. Lines of higher
conductance can be seen in the measurement, but high-bias noise has broaden
them too much. The low-bias features inside and near the gap are more clear
and was therefore the focus of the analysis.
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B.2 Device H.2: Additional measurements

The following backgate (Fig. B.3) sweep shows a differential conductance mea-
surement of device H.2. A clear cut-off/saturation around 1.9 e2/h is seen.
The origin of this saturation was not understood. The sensitivity of the lock-in
amplifier was varied and a external resistor was measured as a reference test.
However this resistor-measurement did not show this saturation and even chang-
ing the sensitivity of the lock-in showed no improvement. This saturation was
then assumed to origin from a series resistance in the device. This was only
found in Device H.2.
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Figure B.3: Additional measurement of differential conductance as a function
of backgate voltage. A saturation is seen around 1.9 e2/h. The origin of the
saturation could not be found.

The following figure (Fig. B.4) shows a bias spectroscopy with rotation of a
magnetic field applied to the sample at 2 T. It showed no angle dependence at
this magnetic field strength. Unfortunately, no other measurements at higher
magnetic fields were performed, so the direction of the magnetic field could only
be deduced from geometry and not confirmed by measurements.
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Figure B.4: Additional measurement of differential conductance as a function
of source-drain voltage, VSD, and angle of the magnetic field (in units of π),
measured at 2 T. No angle dependence was found at this field strength and no
other measurements were performed at higher fields.

The following two figures (Fig. B.5 and B.6) are the excluded part of tem-
perature dependence measurement from Fig. 4.7c and 4.7d. The data was from
base temperature, 30 mK, to 1.5 K and showed only a weak temperature de-
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pendence, so it was excluded from the main figure to highlight the evolution of
the superconducting energy gap ∆ with temperature.
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Figure B.5: Additional measurement: Bias spectroscopy for odd diamond (Dia-
mond C) of differential conductance dI/dV as a function of temperature T and
source-drain voltage VSD, taken at zero magnetic field. The measurement was
performed at lower temperatures, from base temperature at 30 mK to 1.5 K,
and was excluded from Fig. 4.7c.
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Figure B.6: Additional measurement: Bias spectroscopy for even diamond (Di-
amond D) of differential conductance dI/dV as a function of temperature T
and source-drain voltage VSD, taken at zero magnetic field. The measurement
was performed at lower temperatures, from base temperature at 30 mK to 1.5
K, and was excluded from Fig. 4.7d.
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B.3 Device C.1: Additional measurements

Since the parallel and perpendicular angles were found, bias spectroscopes de-
pending on magnetic field in these two direction were performed at different
backgate voltages. The chosen backgate voltages can be seen in the overview
bias spectroscopy in Fig. B.7a as coloured vertical lines. The backgate voltages
chosen corresponds to the middle of each of the four diamond-shaped features
observed in Fig. B.7a, where a clear superconducting gap is seen. For Fig.
B.7b-i, the bias spectroscopes of each backgate voltage drop at both angles are
seen with respect to magnetic field from -2 to 2 T. For each of them, the su-
perconducting gap can bee seen below |B| ≈ 0.1 T as a dark spot, with the 2∆
transition around 0.5 meV as the bright shapes above and below the spot, as
expected by the earlier measurements.

Most of the measurements uncovered nothing new, while the rest (Fig. B.7c,
f, g and i) showed several unknown features in the form of magnetic field depen-
dent transition lines. But as this device showed Fano resonances, which were
outside the scope of this project, the time was invested elsewhere and these
transition lines were not further investigated
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Figure B.7: Measurements of effect of B‖ and B⊥ at different gate voltages.
a) Overview measurement of differential conductance dI/dV as a function of
backgate voltage Vg and source-drain voltage VSD. Chosen backgate voltages
has been marked. b-i) Measurements of differential conductance dI/dV as a
function of magnetic field, either perpendicular B⊥ or parallel B‖, and source-
drain voltage VSD, taken at different backgate voltages, Vg = 0.40 V, 0.48 V,
0.57 V and 0.64 V, respectively.

81



B.4 Device C.2: Another 90/5 Al/Ti device

In this section, the results from a device similar to the device from section 4.4
is shown. Below in Fig. B.8, similar measurements as in Fig. 4.11, are shown
and showed a larger gap, but no hybrid phenomena or Fano resonances.
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Figure B.8: Measurement of the superconducting gap, ∆, for Device C.1. a)
Overview measurement of differential conductance dI/dV as a function of back-
gate voltage Vg and source-drain voltage VSD, taken at zero magnetic field. The
superconducting gap has been marked. b) Zoom-in in the superconducting gap,
at zero magnetic field. The gap is estimated to be 175 µeV . c) Same measure-
ment as in b, but with a magnetic field of 150 mT. The superconducting gap
cannot be seen at this field strength.
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C Fabrication protocols

In this section, the approaches for fabricating these CNT devices is reviewed,
all the way from preparing the substrate to finishing the last lithography step.

In this work, several different tools are used for fabricating devices. Most
importantly, a 100 kV Elionix EBL system was used for electron beam lithogra-
phy. For metal deposition, both electron beam evaporation and RF sputtering,
an AJA Orion evaporation system was used. When in need of micromanipu-
lation, an eppendorf TransferMan 4r micromanipulator was used, operated by
Alexandros Vekris (see Acknowledgement).

C.1 Protocol for alignment marks

This was always the first step in the fabrication process.
This step was performed on a 2 inch wafer made of Silicon with either a 200

nm SiO2 layer on top or a 300 nm SiO2 layer and additionally a 200 nm Si3N4

layer on top. The wafer was sonicated in acetone for 6 min at 80kHz with 100%
power.

Resist Spin Coating:

• Flush the wafer with acetone and rinse with IPA

• Blowdry with N2

• O2 plasma ashing for 4 min

• Bake for 4 min on 185◦C heatplate

• Spin coat with EL-6 resist at 4000 rpm for 45 s

• Bake for 4 min on 185◦C heatplate

• Spin coat with A4 resist at 4000 rpm for 45 s

• Bake for 4 min on 185◦C heatplate

Electron beam lithography exposure:

• Area dose of 922 µC/cm2

• 10 nA current

• 60.000 dots and Field Size of 600 µm

• 120 µm aperture
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Development:

• Submerge in MIBK:IPA 1:3 for 90 s

• Submerge in IPA for 55 s

• Blowdry with N2

• O2 plasma ashing for 2 min

Pt/Ti is evaporated for alignment marks, because the CVD growth step reaches
910◦C, which would melt alignment marks made of gold.

Metal evaporation:

• Deposite 5 nm Ti

• Deposite 60 nm Pt

Lift-off:

• Submerge in 85◦C pre-heated NMP for 60 min

• Flush with the warm NMP

• Transfer to beaker with NMP at room temperature

• Flush with acetone followed by IPA

• Blowdry with N2

C.2 Protocol for dielectric:

This protocol is used for either creating a dielectric layer between bottom/top
gates and the CNT or for creating a protective layer on top of the device.

Resist Spin Coating:

• Flush with acetone and then IPA

• Blowdry with N2

• O2 plasma ashing for 4 min

• Bake for 4 min on 185◦C heatplate

• Spin coat with LOR3B resist at 4000 rpm for 45 s

• Bake for 1 min on 185◦C heatplate

• Spin coat with AZ1505 resist at 4000 rpm for 45 s

• Bake for 2 min on 115◦C heatplate
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The LOR3B resist (lift-off resist) is used in order to create an undercut in the
developing process of the resists, thus leading to a smoother lift-off. For the oxide
layer, we used photo-lithography, since the features are large and electron beam
lithography is not necessary on this step. For the photo-lithography system I
used 19 ms exposure time and -6 defocus.

Development:

• Submerge in AZ Developer for 45 s

• Submerge in MQ water for 1 min

• Blowdry with N2

ALD:

• O2 plasma ashing for 2 min

• Deposit 7 nm HfO2

Lift-off:

• Scratch all four corners of the chip

• Submerge in NMP thermalized to 85◦C for 60 min

• Sonicate chip in the warm NMP at frequenzy 80 kHz and power 50% for
30 s

• Rinse in room temperature NNMP

• Flush with acetone and then IPA

• Blowdry with N2

C.3 Protocol for applying the Fe(NO3)3 catalyst:

The catalyst, made of Fe(NO3)3 • 9H2O, is applied by dripping the solution
onto the resist-covered wafer. The catalyst islands can therefore become quite
high, so a double layer of A6 is used to create high resist walls to better define
the catalyst islands.
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Resist Spin Coating:

• Sonicate chip in acetone at frequenzy 80 kHz and power 50% for 2 min

• Flush with acetone and then IPA

• Blowdry with N2

• O2 plasma ashing for 4 min

• Bake for 4 min on 185◦C heatplate

• Spin coat one layer of A6 resist at 4000 rpm for 45 s

• Bake for 1 min on 185◦C heatplate

• Spin coat another layer of A6 resist at 4000 rpm for 45 s

• Bake for 10 min on 185◦C heatplate

Electron beam lithography exposure:

• Area dose of 1750 µC/cm2

• 10 nA current

• 60.000 dots and Field Size of 600 µm

• 120 µm aperture

Development:

• Submerge in MIBK:IPA 1:3 for 90 s

• Submerge in IPA for 55 s

• Blowdry with N2

• O2 plasma ashing for 2 min

In the following step, it is important to check, whether the catalyst has
reached the substrate or not. This protocol is very critical, since the catalyst
islands can be either lifted off in the lift-off together with the rest or it can be
destroyed and scattered across the substrate, if the user is not careful.
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Applying Fe(NO3)3 • 9H2O catalyst solution:

• Stir catalyst solution for 2 min with electromagnet

• Apply 2 drops of catalyst solution for each 1x1 cm2 chip

• Let the chip dry under cover until completely dry. This should take around
15-30 min

• Make sure the catalyst has reached the substrate. If not, repeat the last
two steps

• Bake for 7 min on 185◦C heatplate

Try to avoid too violent sonication beyond this point. It may make your areas
better defined, but it might also move or break up the catalyst islands into small
pieces and scatter them randomly on the chip.
However, very mild and short sonication has shown to improve the boundaries
of the islands. If one chooses to sonicate, I would suggest using 37 kHz at a
power of 30% for under 15 seconds after the first step in the following protocol.

Lift-off:

• Submerge in 85◦C pre-heated NMP for 65 min

• Flush with warm NMP

• Transfer to beaker with NMP at room temperature

• Flush with acetone followed by IPA

• Blowdry with N2

C.4 Protocol for growing CNT by CVD:

This protocol follows standard CVD growth techniques for carbon-based, catalyst-
induced growths.
After this protocol, O2 plasma ashing can not be performed, since it will remove
the CNTs.
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• Insert chip into CVD oven and apply an Ar gas flow of 100%* for 1 min

• Change flow of Ar to 40%*

• Apply flow of hydrogen to 20%**

• Set oven temperature to 910◦C and wait for it to thermalize.

• Apply a gas flow of methane of 13%*** for 15 min

• Close gasflow of methane and hydrogen and turn of the oven.

• Then the oven has cooled to under 150◦C, turn off Ar flow.

• Remove chip from oven

*Argon range of flow: 0-2 ln/min
**Hydrogen range of flow: 0-0.5 ln/min
***Methane range of flow: 0-5 ln/min

C.5 Protocol for Leads of different superconducting ma-
terials

This process for the exposure of both metallic leads of different superconductors.
Different superconductors and sticking layers was tried and used and this will
shown the steps followed for all types.

Resist Spin Coating:

• Flush wafer with acetone and then IPA

• Blowdry with N2

• Bake for 4 min on 185◦C heatplate

• Spin coat with one layer of EL-6 resist at 4000 rpm for 60 s

• Bake for 4 min on 185◦C heatplate

• Spin coat with another layer of EL-6 resist at 4000 rpm for 60 s

• Bake for 4 min on 185◦C heatplate

Electron beam lithography exposure for Leads:

• Area dose of 900 µC/cm2

• 1 nA current

• 60.000 dots and Field Size of 600 µm

• 120 µm aperture
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Development:

• Submerge in MIBK:IPA 1:3 for 90 s

• Submerge in IPA for 55 s

• Blowdry with N2

The difference in processing for the different materials starts from this step.

Metal evaporation:

• O2 plasma ashing for 30 seconds

• Deposit 5 nm Ti or 5 nm Pd

• Deposit 90 nm Al or 55 nm V

– If V had been deposited, deposit additionally 10 nm Pd or 5 nm
Ti+10 nm Au on top of the V layer to keep V from oxidizing.

Since Pd is not a very sufficient sticking layer, the lift-off process has to be
much more careful than for Ti sticking layers. For instance, when using Pd, you
cannot flush or rinse the chip, since it will wipe off the metal, and you cannot
submerge it in warm NMP, since it will lift off the leads as well. Therefore, the
lift-off step is divided into two scenarios.

Lift-off: If Pd is used as a sticking layer

• Submerge in a beaker of acetone, put a lid on it and leave for at least 16
hours.

• If the metal still sticks, carefully stir chip around in the beaker.

• Transfer to another beaker of acetone. Do not rinse with pipette instead.

• Submerge in beaker of IPA. Do not rinse with pipette instead.

• Blowdry with N2

Lift-off: If Ti is used as a sticking layer

• Submerge in NMP thermalized to 85◦C for 60 min

• Rinse in room temperature NNMP

• Flush in acetone and then IPA

• Blowdry with N2
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C.6 Protocol for Bonding Pads + Leads: The double ex-
posure

This process for the exposure of both bonding pads and leads in one go. This is
done to minimize exposing the CNTs to organic resists, which has, in previous
work, shown to give bad contact between CNTs and leads.

Resist Spin Coating:

• Flush with acetone and then IPA

• Blowdry with N2

• Bake for 4 min on 185◦C heatplate

• Spin coating one layer of EL-6 resist at 4000 rpm for 60 s

• Bake for 4 min on 185◦C heatplate

• Spin coating another layer of EL-6 resist at 4000 rpm for 60 s

• Bake for 4 min on 185◦C heatplate

Electron beam lithography exposure for Leads:

• Area dose of 900 µC/cm2

• 1 nA current

• 60.000 dots and Field Size of 600 µm

• 120 µm aperture

Electron beam lithography exposure for Bonding Pads:

• Area dose of 1750 µC/cm2

• 45 nA current

• 20.000 dots and Field Size of 600 µm

• 120 µm aperture

• Optionally: Set the pitch size to 10 for faster exposure.

Development:

• Submerge in MIBK:IPA 1:3 for 90 s

• Submerge in IPA for 55 s

• Blowdry with N2
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Metal evaporation:

• O2 plasma ashing for 30 seconds

• Deposit 7 nm Ti (this can be Pd instead, but if so, the lift-off process from
C.5 should be used).

• Deposit either 90 nm Au, 90 nm of Al or 55 nm of V.

– If a oxidizing material has been used as a top layer, one can either
apply a layer of Ti+Au to avoid oxidization or use a more violent
bonding procedure to penetrate the oxide layer formed on the bond-
ing pads.

Lift-off:

• Submerge in NMP thermalized to 85◦C for 60 min

• Rinse in room temperature NNMP

• Clean in acetone and IPA

• Blowdry with N2
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