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Abstract

A pristine suspended carbon nanotube (CNT) provides an exceptional platform for explor-
ing long-lived quantum states and investigating a broad spectrum of condensed matter
physics phenomena, such as the coupling between electronic transport and nanomechanics.
A key challenge lies in the integration of the nanotube into the electrical circuit. To address
this, we use the advanced nanoassembly technique, in which the CNT is mechanically
transferred onto the pre-fabricated electrical circuits at the final stage, yielding ultraclean,
high-quality CNT quantum circuits with precise nanotube positioning. However, high
CNT-metal contact resistances previously restricted the range of possible experiments
to the closed quantum dot regime. In this thesis, we could overcome this limitation by
developing a novel contact improvement technique. The resulting transparent CNT-metal
interface allows us to reach the open quantum dot regime, as demonstrated by mea-
surements of Fabry-Pérot interferences. Additionally, by incorporating superconducting
contacts, nanotube-based Josephson junctions could be realized with proximity-induced
supercurrents higher than 3 nA. Furthermore, with two parallel Josephson junctions
fabricated from the same CNT, the successful implementation of a suspended CNT super-
conducting quantum interference device (SQUID) could be demonstrated. The suspended
CNT-SQUID enables precise magnetic flux measurements that can be modulated both
by variations in the magnetic field and mechanical displacements of the CNT, which
alter the SQUID area. This opens up new possibilities for a wide range of experiments,
including the precise measurement of single-molecule magnetism and the investigation of
optomechanical coupling within a CNT-SQUID integrated into a microwave cavity.






Zusammenfassung

Eine defektfreie, frei hingende Kohlenstoffnanoréhre (CNT) bietet eine herausragende
Plattform, um langlebige Quantenzustidnde zu erforschen und ein breites Spektrum von
Phénomenen der Festkorperphysik zu untersuchen, wie beispielsweise die Kopplung
zwischen elektronischem Transport und Nanomechanik. Eine der zentralen Herausfor-
derungen besteht in der Integration der Nanorohre in den elektrischen Schaltkreis. Zur
Losung dieses Problems verwenden wir die fortschrittliche Nanoassemblierungstech-
nik, bei der das CNT im letzten Schritt mechanisch auf die vorgefertigten Schaltkreise
transferiert wird. Dieses Verfahren resultiert in extrem sauberen, hochqualitativen CNT-
Quantenschaltkreisen, wobei das CNT sehr prazise im Schaltkreis platziert werden kann.
Jedoch beschrankten hohe CNT-Metall-Kontaktwiderstdnde bisher den Bereich méglicher
Experimente auf das geschlossene Quantenpunktregime. In dieser Dissertation iiberwinden
wir diese Einschrankung durch die Entwicklung einer neuartigen Kontaktverbesserungs-
technik. Der resultierende transparente CNT-Metall-Kontakt ermdglicht es, das offene
Quantenpunktregime zu erreichen, was durch Messungen von Fabry-Pérot-Interferenzen
gezeigt wird. Dariiber hinaus konnten durch die Integration von supraleitenden Kontakten
CNT-basierte Josephson-Kontakte realisiert werden, die induzierte Suprastrome grofier
als 3nA aufweisen. Zudem konnte die erfolgreiche Implementierung eines supraleitenden
Quanteninterferometers (SQUID) mit zwei parallelen Josephson-Kontakten aus demselben
CNT demonstriert werden. Das frei hangende CNT-SQUID ermoéglicht préazise Messun-
gen des magnetischen Flusses, der sowohl durch Variationen des Magnetfeldes als auch
durch mechanische Auslenkung des CNTs und damit einhergehender Verianderung der
SQUID-Flache moduliert werden kann. Dies erdffnet neue Moglichkeiten fiir eine Vielzahl
von Experimenten, einschlieflich der prazisen Messung von Einzelmolekiilmagneten und
der Untersuchung von optomechanischer Kopplung innerhalb eines CNT-SQUIDs, das in
einen Mikrowellenresonator integriert ist.
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1. Introduction

The year 2025 unfolds during a series of political crises, as the world finds itself in a
period of transformation. Following the world’s hottest year on record [1], climate change
remains a pressing issue. Carbon and carbon emissions are strongly linked to negative
environmental impacts. Despite these commonly negative associations with the word
carbon, carbon itself is a highly versatile material, widely used in various technological
applications, and plays a crucial role in studying fundamental physics phenomena.

Carbon is the sixth element in the periodic system of elements and comes with four valence
electrons, which are available for bonds with neighboring carbon atoms. The coupling
between different atomic orbitals leads to hybridization, a process related to the mixing
of the formerly isolated atomic orbitals (for carbon 2s and 2p,, 2p, and 2p, orbitals). The
hybridization results in a rich plethora of carbon allotropes, which, despite being made
of the same element, possess different structural and physical properties depending on
the atomic orbitals involved in the hybridization. For example, the exceptional mechan-
ical properties of the 3D material diamond, and its electrical insulating properties, can
be explained by tetragonal strong covalent o-bonds, which can form if one s and the
three p orbitals mix to a sp*-orbital. On the other hand, trigonal o-bonds arise from
sp?-hybridization, whereas the remaining fourth electron from the p,-orbital can form
delocalized out-of-plane 7-bonds, giving rise to the particular electronic properties of the
2D material graphene.

Carbon nanotubes (CNTs)

This work focuses on carbon nanotubes (CNTs), which can be conceived as hollow cylinders
made from a rolled-up graphene sheet [2]. In contrast to graphene, electrons in CNTs are
confined in the lateral dimension, and thus CNTs can be considered as one-dimensional (1D)
materials with diameters on the nanometer scale and length scales in the micrometer range
or even longer [3]. Apart from additional boundary conditions along the circumference,
CNTs inherit the particular electronic and mechanical properties of graphene.

CNTs have a low mass density of p = 1350 kg/m> [4], a high Young’s modulus of ~ 1 TPa
(5, 6] and a high tensile strength of 30 GPa to 45 GPa [7, 8], which is more than ten times
higher than the highest values reported for steel of < 3 GPa [9]. These properties make
CNTs particularly attractive for building nanomechanical resonators. In contrast to other
nanomechanical resonators fabricated in a top-down approach with quality factors limited
by surface effects [[10], potentially defect-free single-walled CNTs are ideal materials for
nanoelectromechanical systems (NEMS) with a high quality factor (Q ~ 10° [11, 4])).
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graphene —> CNT

Figure 1.1.: Structure of a CNT. A CNT can be conceived as a rolled-up graphene sheet with nanometer
diameter and micrometer length scale.

Owing to Schottky barriers at the CNT contact metal interfaces [12], charges are also
confined along the length of the CNT. The confinement in all three dimensions allows
for the realization of quantum dots in suspended CNTs and the control of the number
of charge carriers in the CNT. In CNT NEMS with high quality factors, strong coupling
between single-electron tunneling and nanomechanical motion can be reached [11, |13]],
giving rise to the detection of mechanical motion by probing the conductance through the
CNT. The electrical readout of mechanical motion opens a wide range of applications such
as ultrasensitive mass sensing 14} |15,|16] or the readout of a spin coupled to mechanical
oscillations [17, (18, (19, 20].

Single-molecule magnets as spin qubits

The spin degree of freedom is a natural candidate for a qubit, the basic building block in
a future quantum computer. In our research group, we are interested in studying single-
molecule magnets (SMMs) as a promising candidate for spin qubits. An SMM is a molecule
with a magnetic core (e.g. a transition metal ion) surrounded by a shell of organic ligands.
The anisotropic electron shell of the magnetic core in the molecule together with the
chemically engineered ligands induce magnetic anisotropy, which is a crucial requirement
for a magnet.

In contrast to other qubit systems, such as superconducting qubits, SMMs are prepared
by organic synthesis in a bottom-up approach with high reproducibility and the option
of engineering their properties by substituting ligands or magnetic ions. This includes
the giant electronic spin of the magnetic molecule, which can be designed up to one to
two orders of magnitude larger than the spin of a single electron. A particular candi-
date that has been investigated with respect to its potential for quantum computing is
bis(phthalocyaninato)terbium(IIl) (TbPc,) [21, [22]]. It features a high uniaxial anisotropy
with a magnetic ground state of J = 6 [20]. For quantum computing, it is beneficial to use
the more isolated nuclear spin states of the Tb3"-ion which are coupled to the electronic
spin via hyperfine interaction. For the nuclear spin states, relaxation times T; on the order
of tens of seconds and decoherence times T = 64 us have been reported [21].

A key challenge is the electrical readout of the electronic spin state of the molecule. Single-
molecule magnets are nanoscale objects which in principle allows a close packing of the



1. Introduction

a b read-out
anisotyopy "“ : ~“ dot ..¢ _I‘.A
o axis 4
0 % source TTTRTTIITIT] drain
(o =» ) electrode electrode
-0

: N 6> 16> | HF
&W% terbium = D
\/ T

electronic nuclear

spin Vy spin

Figure 1.2.: TbPc;-molecule. a Sketch of the molecule (blue: nitrogen, grey: carbon and red: terbium atom,
diameter: ~ 1 nm) with anisotropy axis leading to a magnetization axis for the electronic spin. b Direct
readout by connecting the molecule to gold nanojunctions (figure from [21]). The molecule forms a quantum
dot and the transport couples to the electronic spin, which is coupled to the nuclear spin via hyperfine
interaction (HF). For the indirect readout, the quantum dot is formed in the CNT and the molecule grafted
onto the CNT.

qubits. However, due to their small size, the electrical connectivity of the molecules and
the individual electrical control remain challenging.

Two different techniques have been proposed: a direct and an indirect coupling scheme
[23]. The direct coupling scheme exploits the electrical conductivity of the ligands and the
coupling between the giant electronic spin of the SMM and the electronic transport through
the ligand. For instance, coherent control of nuclear spin states has been demonstrated
using a quantum dot directly formed in an SMM embedded in a gold nanojunction [21].
The indirect coupling scheme relies on grafting an SMM onto a conductor with a diameter
comparable to the SMM and the transport through this conductor couples to the giant
electronic spin of the SMM.

Readout of molecular spin states using CNTs

Ideal candidates for the indirect coupling scheme are carbon nanotubes which can be
fabricated potentially defect-free, show ballistic transport (i.e. without scattering) [24] and
exhibit diameters comparable to the diameter of SMMs. For example, by grafting SMMs
on a CNT quantum dot on a silicon substrate, the electronic transport through the CNT
could be influenced by the orientation of the molecular magnetic moments, which induce
a magnetoresistance in the CNT. With this technique a supramolecular spin valve could
be demonstrated (cf. figure[1.3p) [25] 26} [27].

In general, when the CNT is placed directly on the substrate, charge noise represents a
major source of decoherence, which can be significantly reduced by suspending the CNT.
A second major source of decoherence is the spin-phonon coupling. In contrast to a CNT
on a substrate, a suspended CNT forms a nanomechanical resonator with a lower, discrete
phononic density of states, thereby reducing the phonon-induced relaxation of molecular
spin states. Mechanical resonances with high quality factors in CNT NEMS can also be
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used to couple to molecular magnetic moments. By applying a magnetic field that is not
parallel to the easy axis of the SMM, a torque is induced which can shift the resonance
frequency as proposed in [18].

Beyond that, the well-controlled phononic environment in such a resonator also allows for
a readout of molecular spin states via the coupling between the giant electronic spin of the
SMM and phonons inside the CNT resonator. One of the most fundamental principles in
physics is the conservation of total angular momentum which has been demonstrated in
the Einstein-de-Haas experiment where a freely suspended body will start to rotate when
it is magnetized [28]. For SMMs, a change between two different spin states (magnetization
reversal) underlies the conservation of angular momentum, which results in the emission
of a phonon carrying the difference in angular momentum (cf. figure [1.3p) [20} [17]. It
could be demonstrated in [19] that the reversal of the magnetization of a TbPc,-molecule
strongly couples to longitudinal stretching modes of the CNT NEMS.

DC Superconducting quantum interference devices (SQUIDs) as magnetometers

The focus of this PhD project is on an alternative approach using a DC-SQUID (Direct
Current Superconducting Quantum Interference Device). A DC-SQUID is a highly sensitive
magnetometer that provides a direct way to read out extremely weak changes in the
magnetic field, which could be induced by single-molecule magnets. It consists of a
superconducting loop intersected by two parallel so-called Josephson junctions, which
can be realized by embedding a thin insulator, a superconducting constriction or a normal
conductor between two superconductors (cf. figure [1.3).

A SQUID can be considered as the superconducting analogue of the double slit experiment,
where electromagnetic waves from a coherent light source pass two parallel slits and
interfere at a distant screen. In the case of a SQUID, magnetic flux applied perpendicular
to the SQUID loop induces a change in the macroscopic superconducting phase between
the supercurrents passing the two parallel Josephson junctions. The phase difference
results in an interference pattern in the maximum supercurrent. The period of the current
interferences is determined by the flux quantum ®, = 2 x 107> Vs, giving rise to the
detection of tiny flux changes due to the low value of ®y.

The detection of the magnetization reversal of a single-molecule magnet with a SQUID
requires a large flux coupling, i.e. the magnetic field of the SMM has to couple efficiently
to the flux penetrating the SQUID loop. This flux coupling can be increased if the molecule
is placed at a constriction of comparable diameter within the SQUID loop, which can be
achieved by using a CNT as the Josephson junction in a so-called CNT-SQUID (cf. figure

[1.3k) [31,32].

In this PhD project, one of the main objectives was to build a suspended CNT-SQUID with
the potential to detect magnetization reversal of SMMs. Due to the suspended nature of
the CNT, the SMM is decoupled from the substrate, which reduces charge and phonon
noise and should increase the decoherence time of the spin states. The applications of
such a device with a suspended CNT are not limited to a direct readout of magnetization
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Figure1.3.: Overview of readout schemes of magnetization reversal using CNT platforms. a Molecular
spin valve (figure from [29]). Upper: Parallel orientation of the molecular spins. The energy levels inside
the CNT with identical electron spin are aligned over the entire CNT quantum dot (valve opened). Lower:
Antiparallel orientation. The energy levels of identical spins in the CNT are reversed, leading to a barrier
in electronic transport with reduced conductance (valve closed). b Coupling magnetization reversal (J, =
6 — J, = —6) to mechanical motion via conservation of angular momentum. The coupling to mechanical
modes depends on the magnetization axis with respect to the CNT axis. In the perpendicular orientation, a
coupling to longitudinal stretching modes is expected (figure from [30]]). ¢ Sketch of a DC CNT-SQUID. The
current splits and passes two Josephson junctions (crosses in right schematics) realized by a single CNT and
the two currents interfere after the junctions before leaving the SQUID.

reversal via the SQUID. The mechanical degree of freedom allows for a combination of the
direct readout with the study of the coupling between molecular spins and mechanical
modes of a CNT NEMS similar to and to envisage more complex experiments.

Although SMMs have not been grafted on CNTs in this thesis, already the CNT-SQUID
implemented as an NEMS is a very interesting platform by itself. This platform gives
rise to an investigation of the interplay between superconductivity and nanomechanical
motion in the suspended CNT which could be exploited to observe the Josephson force
[33] or to cool the mechanical resonator [34]].
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a post-growth fabrication post-fabrication top growth
substrate substrate
C nanoassembly

Figure 1.4.: CNT integration techniques. a Post-growth fabrication. CNTs are grown on a substrate
and electrodes patterned afterwards. b Post-fabrication top growth. CNTs are grown on the electrodes.
¢ Nanoassembly technique. CNTs are grown on a separate cantilever chip (left) and then integrated into
electrical circuits (right).

Integration of CNTs into electrical circuits

To build a functional suspended CNT-SQUID we have to address the fundamental question
of how to produce and integrate a CNT into an electrical circuit. Since the discovery of
CNTs in 1991 [2]], several CNT production techniques have been developed. A method of
producing CNTs is their growth from the gas phase using carbon precursors and catalysts
at elevated temperatures of 800-900 °C in a process called chemical vapor deposition
(CVD).

The techniques of CNT integration can be divided into three classes (cf. figure [1.4).
In the first technique, post-growth fabrication [35], CNTs are typically CVD grown or
dispersed on a substrate and electrical contacts are established afterwards. This method
has the advantage of producing transparent CNT metal contacts because the hot metal is
evaporated on top of the CNT. However, the exposure to solvents during the fabrication of
the electrodes can lead to contamination of the CNT and a suspension of CNTs can only
be achieved by etching the substrate.

In contrast to the method of post-growth fabrication, the post-fabrication top growth
(or short top growth) reverses the fabrication order. Here, the chip containing the
electrical circuits (circuit chip) is fabricated first and the CNTs are grown in a last step
from catalyst islands on the circuit chip. This technique can produce suspended CNTs and
yields good CNT metal contacts and is a clean method because the CNTs are not exposed
to organic solvents. However, the random growth process leads to a low yield of single
suspended CNTs across a desired junction, and the high growth temperature restricts the
choice of electrode materials.
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In contrast to the methods described above, we use a technique called nanoassembly
[37]. Similarly to post-fabrication top growth, we integrate the CNT in the last step.
However, instead of growing them on the circuit chip, they are grown on a separate
chip ("cantilever chip") that allows for a mechanical transfer of the CNTs onto the circuit
chip. With nanoassembly, which is a very controlled integration technique, CNTs can be
precisely transferred to the desired position, giving rise for very complex device geometries.
Beyond that, the properties of the CNT can be analyzed before the transfer, resulting in
potentially high quality CNT devices. On the other hand, the deterministic integration
of CNTs is time-consuming, but it allows for automatization of device fabrication with
respect to industrial implementations. Although this technique can be performed at room
temperature and does not impose constraints on the circuit materials, it has one major
drawback, high CNT metal contact resistances. Overcoming this fundamental problem is
crucial for the realization of SQUIDs with the nanoassembly technique and was one of the
main challenges that was addressed in this PhD.

Outline

This work focuses on the integration of CNTs into electrical circuits with our custom
nanoassembly technique. The development of CNT metal contact improvement techniques
allows us to reach highly transparent contacts, as demonstrated by reaching the open
quantum dot regime [37|]. Having reached this milestone, using superconducting electrodes,
we could build and investigate superconducting CNT junctions such as SQUIDs. This
thesis aims to provide a detailed description of the nanoassembly technique including
the fabrication and the improvement techniques and provides a profound analysis of the
electronic transport measured at cryogenic temperatures.

This work is structured as follows. Chapter[2]presents the theoretical background regarding
the structure, electronic and mechanical properties of carbon nanotubes in the normal
conducting state and under the influence of proximity-induced superconductivity. We also
address the theory behind possible experiments that can be performed in CNT-SQUIDs.
The growth of CNTs with chemical vapor deposition and the detailed analysis of their
properties are presented in chapter [3] Chapter 4| reviews the circuit chip design and
discusses the nanofabrication process. Having investigated both the growth of CNTs
and the fabrication of the circuit chip, chapter 5/ focuses on the transfer of the CNTs
into the electrical circuits. We explain our custom nanoassembly technique, discuss the
optimizations to reduce the CNT metal contact resistance and provide a room temperature
analysis of our results. Low temperature electronic transport measurements of CNT
devices will be discussed in chapter[f] including normal conducting devices and devices
with proximity-induced superconductivity. Finally, chapter[7|concludes the work providing
a summary and discussion of the results and an outlook for future experiments.






2. Theoretical background

This section provides the theoretical foundation of the thesis. In the first subsection, the
general physical properties of CNTs are introduced before discussing electronic transport in
suspended CNT quantum dots in the second subsection. In the third subsection, the theory
behind nanomechanics in suspended CNTs is presented, and the coupling to electronic
transport. The background behind superconducting CNT-SQUIDs and its application
for detecting molecular spins are addressed in the fourth subsection. Lastly, an outlook

is provided on the coupling between nanomechanics and superconducting transport in
suspended CNTs.

2.1. Physical properties of CNTs

In the following, we will address the structural, electronic and phononic properties of
CNTs and start with the sp?-hybridized material graphene before linking it to CNTs.

2.1.1. Geometric structure of CNTs

Graphene consists of an atomic monolayer of carbon and due to the trigonal arrangement
of the o-bonds in-plane, a planar 2D material with a honeycomb lattice is formed (cf. figure
[2.1). It has two atoms per unit cell and is spanned by the unit lattice vectors [38]

V3/2 V3/2
= = 2.1
a a( 12 p=al ), (2.1)
with a = V3ac_c and the carbon-carbon bond length of ac_c = 0.142nm. Any lattice
vector C can be constructed as a superposition of these unit lattice vectors

C=n-a;+m-ay n,meZ. (2.2)

A carbon nanotube can be conceived as a rolled-up graphene sheet forming a hollow cylin-
der with a nanometer diameter, while the length is typically on the order of micrometers.
In this case, C can be used to describe the direction along which the sheet is rolled up and
is called a chiral vector with |C| corresponding to the circumference of the CNT.
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Figure 2.1.: Geometric and electronic structure of graphene. a Geometric structure of graphene with
unit lattice vectors ay, a,. Different directions for chiral vectors are shown in blue, orange and brown. The
unit cell of a (4,2) CNT with chiral vector C, translation vector T and chiral angle © is shown. b Brillouin
zone of graphene with K and K’ labelling and the band structure of the 7/z*-band (subfigure from [38]]).

The diameter of a CNT can be calculated as dent = |C|/ 7. We can further define a chiral
angle © as the angle between a; and C, given by [38]

\3m

2Zn+m

tan(©) = , 0 < O] < 30°. (2.3)
Depending on the chiral indices n and m, the chiral vector can point in different lattice
directions, and different kinds of CNTs can be classified based on their spatial symmetry.
If n = m, a CNT is called "armchair" and if n = 0 or m = 0, the chiral vector follows only
one lattice vector resembling a zig-zag line and the CNT is called "zig-zag". If the chiral
vector points in any other direction, the CNT is simply called "chiral" due to the lack of
symmetries. The CNTs described so far are single-walled carbon nanotubes, but there are
also multi-walled CNTs consisting of concentric shells of single-walled carbon nanotubes.
Although CNTs can be isolated, it is also possible that CNTs attach to each other and form
ropes of CNTs, which are called "bundles". Each conduction channel of another CNT close
by will perturb the electronic properties, and therefore, we will only target single-walled
CNTs in this thesis.

2.1.2. Electronic properties of CNTs
Electronic properties of graphene

For the derivation of the electronic properties of CNTs, it is again intuitive to start with
graphene. Graphene has three sp?-orbitals, which can hybridize across neighboring atoms,
leading to the formation of two bands: a bonding, occupied o-band with low energy and
an anti-bonding, unoccupied ¢*-band higher in energy [38]. The o-band is located well
below the Fermi energy as a result of the strong covalent bond strength, and therefore it is
permanently occupied with three electrons per atom and does not participate in electronic
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transport. The remaining fourth valence electron in the out-of-plane p,-orbital is odd
under z-inversion and decoupled from the o-band for symmetry reasons. It forms 7-bonds
to neighboring atoms and leads to the formation of a bonding 7-band and an anti-bonding
r*-band which touch at the Fermi level and determine the electronic transport (cf. figure

2.1b).

In k-space, graphene has a hexagonal Brillouin zone with six corners. Due to the two
atoms in the unit cell, only three of these corners can be connected with a reciprocal
lattice vector, which correspond to equivalent electronic states due to Bloch’s theorem
[38]]. These points are labeled with K, while the other three corners are denoted with K’.
The electronic states are degenerate at K and K’ and form two valleys around K and K'.
For this reason, K and K’ are also called valley quantum numbers.

The band structure of the 7/7*-band can be calculated from a tight-binding model and
yields in the limit of nearest and next-nearest neighbor interaction with hopping energies

of t and ', respectively [39] (cf. figure[2.1p)
E(K) = <143+ F(K) — £/ f(K) (2.4)

with  f(k) =2 Cos(\/gkya) + 4 cos (\B;ya) cos (3k2xa) . (2.5)

This dispersion relation can be expanded close to the K(K’) points (k = K + q) with the
momentum q measured relative to the K(K’) points and |q| < |K|. Considering first
neighbor interaction only, this results in the following linear dispersion relation

E.(q) ~ hoelq| + O[(q/K)’] (2.6)

with the Fermi velocity vp = 3ta/2 ~ 8 x 10° m/s. Since this linear dispersion relation
is analogous to massless Dirac fermions, the K(K’) points, where the occupied z- and
unoccupied 7*-bands touch, are called Dirac points. Graphene can therefore be considered
as a semi-metal with a Fermi surface comprising six points.

From graphene to CNTs - the zone-folding approximation

For CNTs additional periodic boundary conditions arise along the circumferential direction
due to their cylindrical shape. This has implications on the phase of the wave function
and leads to a quantization of k around the circumference [40]

Vi (r+C) = Wi (r)e*C = ¥ (1). (2.7)
This equation shows, that only wavevectors with
k-C=k,nd = 2ri, i€’ (2.8)

are allowed along the circumferential direction. The diameter of a CNT is much larger
than the spacing between carbon atoms, and therefore, rolling up the 2D graphene sheet

11
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A

Figure 2.2.: Zone-folding approximation for metallic (left) and semiconducting CNTs (right). a
Graphene Brillouin zone with superimposed quantization lines along k, and chiral angle ©. For a (5,2) CNT,
the quantization lines hit the Dirac cones and the CNT is metallic. b A Dirac cone is shown with linear
dispersion for one subband. ¢ Density of states (DOS) for more than one subband, grey: occupied states.
There is a finite DOS at Ep characteristic for a metal. d,e If the quantization lines do not intersect the Dirac
points, the band gap is determined by the minimum deviation |Ak, |. f For the semiconducting CNT the
DOS around Ep is zero. Subfigures a,b,d,e from [38]], subfigures c,f inspired by [41].

to a 1D CNT should leave its band structure along the CNT (k) largely unperturbed if
the CNT is long enough (i.e. in units of the translation vector T). The resulting band
structure can therefore be considered as a superposition of graphene electronic bands with
quantization along the CNT’s circumference (zone-folding approximation).

In the first Brillouin zone, the allowed k-vectors can be illustrated by a series of parallel
quantization lines with spacing 2/d (as becomes apparent from equation 2.8) with an angle
of 7/3 + © from the k,-axis [38]]. Each line corresponds to a sub-band of a specific k.
The minimum separation of these quantization lines from the Dirac points determines
the band gap of the CNT. A band gap of zero occurs, when at least one quantization line
crosses a Dirac point, leading to a metallic CNT with linear dispersion of E(k)) in the
vicinity of the Dirac points. This is the case if n — m = 3i, i € Z, and therefore, for a third
of all chiralities and, in particular, for all armchair CNTs with © = 7/6 and i = 0.
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If the lines do not cross the Dirac points, the band gap is determined by the minimum
separation |Ak, | from the Dirac points [38]]

Eg = 2hop|Ak, | = 4hivp/3d =~ 700 meV /d[nm)]. (2.9)

This results in semiconducting CNTs with a hyperbolic dispersion

Ei(ky) = +, /hzugkﬁ +E% /4. (2.10)

For clarity, only the subband closest to the Fermi level is drawn in figure ,e, while the
total number of subbands is equal to the number of carbon atoms in the CNT unit cell
(spanned up by C and T). More subbands are shown in figure[2.2.f, including the density
of states (DOS). The DOS is a measure of the number of available states per energy interval,
and in the 1D case of a CNT, the DOS diverges close to the band extrema with a 1/ VE
dependence. This results in spikes in the DOS, the so-called van-Hove singularities (figure
[2.2c.,f), whereas for other energies the DOS is rather low. Although electronic transport
measurements are usually performed in a window of a few meV around the Fermi level
and only the energy band close to the Fermi level participates, this has large impacts on
optical transitions in CNTs occurring usually at higher energy. These are more likely to
occur if the incident photon energy matches the energy difference between two van-Hove
singularities. Therefore, the intensity of the optical transitions reflects the DOS, and thus
yields direct information on the underlying CNT band structure.

Deviations from the zone-folding approximation

The zone-folding approximation is based on an unperturbed graphene band structure
along the CNT. However, this assumption represents a strong simplification. In practice,
there are several deviations leading to finite energy gaps, also for CNTs that are considered
metallic CNTs according to the zone-folding approximation [38]]. Here, we will only discuss
the structural origins arising from curvature and strain, leading to narrow energy gaps at
the Fermi level.

The curvature of the CNT results in different lengths of C-C bonds in the axial and
circumferential direction and induces an angle between neighboring p,-orbitals that are
not aligned in the direction of the CNT axis. Breaking of the planar symmetry gives rise to
the mixing of the o- and 7-states and partial sp3-character [40]. All these effects break the
equivalence of the three directions of the o-bonds and shift the Dirac points away from K
and K’, which leads to a curvature-induced gap, depending on the chiral angle © [38]

50 meV
EY =

= Flom] cos(30). (2.11)

A close look to equation reveals that this band gap is only zero for ® = 30°, and
therefore, armchair CNTs are the only true metallic CNTs when taking curvature effects
into account. Strain has similar effects on breaking the equivalence of the three o-bonds
and can induce a band gap of comparable magnitude [38].
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Figure 2.3.: Nanomechanical modes in CNTs. Common low-energy mechanical modes in suspended
CNTs and the quantum level spacing with their dependence on the CNT suspension length (calculated for a
1.4 nm diameter CNT, figure from [43]))

2.1.3. Phononic properties of CNTs

While the phononic structure of 2D graphene is rather simple with 2 atoms per unit cell
and therefore comprises 6 phonon modes (3 optical, 3 acoustic), the situation for CNTs
is more complex. First, similar to the electronic DOS of a 1D conductor, the phononic
DOS exhibits van-Hove singularities emerging as spikes in the DOS. Second, there exists a
significantly higher amount of phonon branches, e.g. for a (10,10) CNT a number as high
as 66 phonon branches is expected [42]. In the following, we will quickly review the main
phononic modes relevant in the frame of this thesis (cf. figure [2.3).

A CNT can be modeled as a doubly clamped beam and exhibits bending modes, which are
transverse modes with polarization perpendicular to the CNT axis. These modes can be
excited easily (e.g. by capacitive coupling to a gate) and are the modes that are studied in
the nanomechanical experiments with typical frequencies of 50-500 MHz depending on
the length of the CNT. These modes are discussed in detail in section Longitudinal
stretching modes (LSM) are acoustic modes with polarization along the axis of the CNT
and thus far higher in frequency (10-100 GHz). They are typically harder to excite, but can
be coupled to electron tunneling onto the CNT [43]]. Finally, we also address the radial
breathing mode, an optical phonon mode in the THz-range, that only occurs in CNTs due
to their cylindrical shape and refers to the coherent oscillation of all carbon atoms along
the radius of the CNTs (like a CNT breathing). This mode does not depend on the length
of the CNT but on the diameter and is commonly used in Raman spectroscopy for the
diameter estimation of CNTs.
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2.2. Electronic transport in CNTs

2.2. Electronictransportin CNTs

Until now, we have only considered free CNTs of infinite length. In order to build devices
with CNTs, they have to be integrated into electrical circuits. This inevitably leads to new
boundary conditions at the CNT metal contact and opens a unique platform for studying
quantum effects in CNTs, which will be discussed in the following.

2.2.1. Electronic transportiniD

In 3D, the conductance through a wire is proportional to its cross section and inversely
proportional to its length. However, in the 1D case, such as for CNTs, the infinitely small
cross section requires new theoretical approaches. Within the frame of the Landauer-
Biittiker formalism [[44} |45]], the conductance of a 1D conductor is modeled by the sum of
n transmission channels v with varying transmission coefficients T, (E)

~ 62 n ~ GO n
G=— VZ:;TV(E) = ;TV(E). (2.12)

The transmission is, in general, energy-dependent, but can be evaluated at the Fermi level
for low applied voltages [45]. In the case of a single CNT, there are n = 4 channels due to
two spin degrees of freedom (T, |) and in addition a two-fold valley degeneracy (K, K’).
The four degenerate states are given by |T,K), |T,K’), |],K) and ||, K’) and obey the
SU(4) symmetry compared to the SU(2) symmetry of a spin 1/2 system. Gy = 77 uS is the
conductance quantum. For an ideal case with a ballistic CNT (length shorter than mean
free path L < ¢) and perfect CNT metal contacts, the transmission coefficient for a single
CNT is equal to 1, and the conductance sums up to G = 4e®/h = 2G,, which corresponds
to a minimum resistance of R = 6.4kQ. In practice, the measured resistance is larger due
to backscattering in the CNT (if L > ¢) and a finite contact resistance Rc [46]]

+——+Rc. (2.13)
e

Although clean metallic CNTs with typical channel lengths of < 1 pm can be considered
ballistic [47], it is almost impossible to achieve perfect CNT metal contacts, and the total
device resistance is usually dominated by the contact resistance.

2.2.2. CNT metal contact

In general, two types of contacts can be distinguished, end-bonded contacts and side-
bonded contacts. For end-bonded contacts, covalent bonds between the sp®-orbitals and
the d-orbitals of the commonly used transition metals lead to a much stronger bonding
and usually a lower contact resistance. For example, contact resistances of 25 kQ have
been reported for end-bonded contacts with molybdenum, where the current is injected
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via a MoC; interface of only 2 nm? [48]]. Likewise, carbide formation has been realized in
end-bonded contacts with titanium [49,|50].

In the case of side-bonded contacts, the CNT wall is only weakly coupled to the metal (via
van-der-Waals interaction), and the bond strength is governed by the overlap of the p,-
orbitals of the CNT and the d-orbitals of the transition metals [51]]. With our nanoassembly
technique we can only deposit CNTs on top of the electrodes, which naturally leads to
side-bonded contacts, and thus we will only focus on these.

For side contacts, it is crucial to choose the appropriate contact metal. First, the wetting
of the metal on the curved surface of the CNT matters. Wetting depends not only on the
CNT metal interaction, but also on the interaction between the metal atoms [51]]. For
different metals evaporated on CNTs [52]], Au, Al and Fe tend to form clusters on CNTs
and a homogeneous coating of the CNT cannot be achieved. Good wetting has been
found for Pd, Ni and Ti but also for Pt. Another study [53] investigated the interaction
between Pt/Pd and CNTs. The authors evaporated Pt and Pd on CNTs on a gold surface
and observed that Pt forms larger clusters than Pd and that smaller clusters adhere better
to the CNT. Theoretical calculations [54] support this finding, where it is expected that Pt
adheres more to other Pt atoms and is more likely to form clusters compared to Pd despite
a stronger bond strength to CNTs. Thus, a more inhomogeneous coating of the CNT and
higher contact resistance is predicted for Pt than for Pd.

Second, for the contact resistance, the metal work function has to be compared to the CNT
work function which ranges from 4.76-5.05 eV, where bundles are at the lower end and
single-walled CNTs at the upper end [55, (56, |57]. A mismatch in work function can lead
to the formation of a Schottky barrier, which can be well understood when considering a
metal-semiconductor contact [12], as shown in figure

For the derivation of the Schottky barrier, it is convenient to start with an isolated consid-
eration of the metal and semiconductor with different Fermi levels, as shown in the left
part of figure When the metal-semiconductor contact is established, charge carriers
will flow across the contact interface until the Fermi levels of the metal and semiconductor
are equal. When the Fermi level of the metal is higher (lower) than the Fermi level of
the semiconductor, electrons will flow from the metal to the semiconductor (from the
semiconductor to the metal). In the metal, the charge carrier density at the Fermi level is
high, and charges do not build up. However, in the semiconductor, the exchange of charge
carriers results in a zone of negative charges (positive charges) in the semiconductor at the
contact interface. The location of the Fermi level in the semiconductor (which is influenced
by doping) determines if these charges lead to a depletion or accumulation of majority
charge carriers, resulting in a Schottky barrier or an ohmic transparent contact (cf. for
n-doping in figure [2.4). The Schottky barrier height is given by

Op, = Pppetal — X for electrons and Op, = —Dpperal + ¥ + Eg for holes. (2.14)

e

Here ®ypetq is the work function of the metal (energy difference between Fermi level and
vacuum) and y the electron affinity of the semiconductor (energy difference between the
conduction band edge and the vacuum) and Eg the band gap (energy difference between the
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Figure 2.4.: Metal-semiconductor contact. Formation of a contact barrier between a metal and a n-doped
semiconductor (left: before making the contact, right: in contact). ®: metal workfunction, y: electron affinity
in the semiconductor, Ey: vacuum energy, Ey ¢ energy of the valence/conduction band. a Schottky contact.
The Fermi level of the semiconductor is higher than the Fermi level of the metal. Electrons (majority charge
carriers) flow into the metal and leave a depletion zone denoted with "+" where a potential ¢ builds up. A
Schottky barrier of height &5 is formed and a contact voltage Uy needs to be applied for enabling a current
flow. b Ohmic contact. The Fermi level of the semiconductor is lower than the Fermi level of the metal.
Electrons (majority charge carriers) flow from the metal to the semiconductor and cause an accumulation
zone denoted with "-". The contact does not exhibit a barrier, the contact voltage Uy < 0.

valence band edge and conduction band edge) [12]. Since charge carriers must overcome
the Schottky barrier for a current to flow, an increase in contact resistance is measured.
The band gap of a CNT is inversely proportional to its diameter, and thus a larger diameter
reduces the height of the Schottky barrier [58].

For typical bulk semiconductors, the Schottky barrier is influenced not only by the work-
function of the metal but also by metal-induced gap states at the interface. These are
surface states due to defects, dangling bonds, etc., occurring inside the energy gap of
the semiconductor with a high density of states that can pin the Fermi level to their
corresponding energy (Fermi-level pinning). In contrast to bulk semiconductors, this
effect is less pronounced in CNTs. In particular, for end-bonded contacts with a few atom
interface, only a small dipole ring with few surface states can form and the barrier due to
Fermi-level pinning is negligible [59,|51]. Even in the case of side-bonded contacts, where
the interface is larger, the barrier decays over a few nm [60] which does not restrict the
electron tunneling through the barrier. In particular, for the nanoassembly technique, the
size of the CNT metal interface is difficult to estimate. Even though an evaporation of
metal on CNTs can cover the CNT homogeneously, resulting in a longer contact interface,
a dry-transfer of a CNT on a naturally rough surface at ambient temperatures could only
lead to local contact points, limiting the number of interface states. In comparison to bulk
semiconductors, the negligible Fermi-level pinning allows tuning the contact barrier by
choosing a contact metal with a specific work function [59].
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Another obvious reason for a high CNT metal contact resistance is the contamination of
the contact interface, leading to an insulating barrier between the CNT and the metal. Such
a barrier will inevitably reduce the overlap of the electronic wave functions between the
CNT and the metal. For example, these contaminations could originate from CNTs with
low cleanliness or amorphous carbon coverage on the CNT surface or from the contact
electrodes by layers of residual organic solvents or surface oxide layers [61,[37]. In chapter
we will see that a clean surface is crucial to establish a good CNT metal contact.

2.2.3. Quantumdotsin CNTs

When a 3D system is confined in all dimensions, the system is zero-dimensional and
called a quantum dot. The word "quantum" refers to the particular quantum mechanical
properties of such a system, that do not occur in the bulk of the same material.

First, the confinement alters the electronic properties which are dominated by Coulomb
repulsion. If the dot size is small, the capacitance is small, which means, that adding an
additional electron on the dot has a significant cost of energy, given by the charging energy
[62]

e2

Eo= —.
€T oC

(2.15)
This leads to an observable quantization of charges on the dot due to the discreteness of

charge.

Second, a confinement in three dimensions sets new boundary conditions for the allowed
electron wavefunctions similar to a particle in a 3D box problem, resulting in discrete,
quantized energy levels of the dot. These pure quantum effects depend on the dot size. The
smaller the dot (the box), the larger the energy spacing AE of the discrete energy spectrum
and the easier it becomes to observe these effects. For a CNT, the lateral confinement leads
to a large energy spacing, while the longitudinal spacing is rather small.

Realization in CNTs

In CNT devices, three-terminal designs are employed [62] (cf. figure [2.5), where two
reservoirs (metal electrodes) are coupled to a charge island (CNT). Current is injected into
the nanotube via a source electrode and leaves the nanotube via a drain electrode. A gate
electrode or a set of gate electrodes is located below the CNT and is only capacitively cou-
pled to the CNT and can change the electrostatic potential in the CNT, thereby influencing
the transport properties. The structure of a CNT naturally implies a 1D confinement. A
0D quantum dot can be formed when a contact barrier at the CNT metal interface occurs
(e.g. Schottky barrier). A voltage applied to the gate electrodes can further shape the elec-
trical potential seen by the CNT. Similarly to other electrical circuits, these three-terminal
building blocks can be combined in series or in parallel, and more complex architectures
can be formed.
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Energy considerations and electronic transport regimes

Electronic transport through a CNT device depends on the energy scales involved. The
properties of the quantum dot are characterized by the previously defined charging energy
Ec, which for our CNT devices is on the order of 10 meV, and the quantum level spacing
AE on the order of meV. These energy scales have to be compared with the thermal energy
kgT ~ 25meV at room temperature. Therefore, in order to avoid thermal effects on our
devices, we operate them at a temperature of 40 mK =~ 3.4 peV in a limit that satisfies
the condition kgT < Ec, AE, and thus the temperature effects can be neglected in the
following.

At these low temperatures, electronic transport at the contacts is governed by tunneling.
The tunnel coupling is defined as I" = I + I}y, with I denoting the tunnel coupling to the
source and Iy the tunnel coupling to the drain electrode. The tunnel coupling is related
to the tunnel rate (I'/%) of charge carriers at the interface between the metal electrodes
and the CNT. The energy scale I" describes the line broadening of the quantum dot energy
levels caused by the coupling between the discrete energy spectrum of the dot and the
continuous density of states in the reservoirs.

Depending on the value of the tunnel coupling I with respect to charging energy and
quantum level spacing, three different transport regimes can be distinguished:

» weak coupling regime: I' < Ec, AE
The device can almost be considered isolated with a fixed number of charges (closed
quantum dot). Charging effects govern the transport with sequential single-electron
tunneling only and Coulomb blockade.

« intermediate coupling regime: I' < Ec, AE
The larger tunnel coupling increases the probability of higher-order tunneling pro-
cesses, emerging, for example, as cotunneling or Kondo physics.

« strong coupling regime: I > Ec
The charging energy is negligible compared to the tunnel coupling which is equiv-
alent to 77/T < hi/Ec. More than one electron can tunnel at the same time (open
quantum dot). If I' < AE, the transport is dominated by quantum interference analo-
gous to an open cavity (Fabry-Pérot regime). If I' > AE, the physics can no longer
be modeled by a quantum dot.

The tunnel coupling is inherently related to the energy barrier at the CNT metal interface,
but the large tunability of the electrostatic potential in the CNT through the gates allows a
modification of T', as well [63]. Thus, a great advantage of CNTs is that the three transport
regimes can be accessed within the same CNT for different gate voltage ranges 31, 37].
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2.2.4. Weak coupling regime
General notions

To start with, we define the chemical potentials of the two reservoirs, the source y and
the drain yq as the energy of adding an additional electron to the Fermi level of the source
or the drain. The Fermi levels (and chemical potentials) can be shifted between source and
drain by applying a bias voltage which gives the so-called bias window

—eVsd = s — fla- (2.16)

Likewise, we define the chemical potential of the quantum dot as the difference in total
energy U by addition of an N'? electron

4(N) = U(N) = U(N - 1). (2.17)

In the weak coupling regime, the charging energy dominates, and the dot is characterized
by a series of sharp and well-defined energy levels. The density of states of a single level
at an energy Ey = p(N) can be modelled by a Lorentzian lineshape [62] with ' = I + I

1 r

PO = o B E+ (T2

(2.18)

which evolves into a delta-function for vanishing I'. When a charge carrier has tunneled
onto the quantum dot, the corresponding energy level is occupied. Due to strong electro-
static repulsion, the next free energy level is separated in energy by Ec (and depending
on the spin and valley degeneracy in addition by AE), and thus cannot be occupied. No
current can flow until the charge has left the dot. For this reason, the tunneling of charge
carriers via a single level occurs only one by one (sequential tunneling). If there is no level
available inside the bias window (given by the difference of the Fermi level of source and
drain, eq. , electronic transport is blocked, a phenomenon called Coulomb blockade.
When V4 is increased and V3 > Ec + AE, multiple levels can be located within the bias
window and contribute to electronic transport. In the following, we only consider a single
level that contributes to transport and low V4.

Constant-interaction model

The constant-interaction model represents a semi-classical description of the total energy
of the electrons on the quantum dot and a simple way to calculate the transport through a
quantum dot in the weak coupling regime. It is based on two fundamental assumptions
[65] for a model of a quantum dot visualized in figure [2.5p.

1. All electrostatic interactions are described by a single and constant capacitance which
is the sum of the capacitances to the source, the drain and the gate

C=Cs+Cq+Cg. (2.19)
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Figure 2.5.: Model of a quantum dot in the constant-interaction model. a Equivalent circuit of a
quantum dot with the source and drain modelled as big reservoirs and a small quantum dot capacitively
coupled to the source and drain with tunnel coupling I" and purely capacitively coupled to the gates without
any conduction channel (inspired by [64]). b Schematic of the potential landscape if the dot is implemented
in a semiconducting CNT with valence band (VB) and conduction band (CB) and semiconducting energy
gap Eg. The barriers are drawn simplified as rectangular, but in reality, their shape can be more complex.
Each level is drawn with a §-lineshape. In reality a Lorentzian lineshape has to be assumed as indicated
in red. ys and py separate occupied states from unoccupied states in the reservoir. ¢ Quantum dot in the
Coulomb blockade, no level is inside the bias window. d Applying a bias between source and drain V4 opens
a bias window and a change in the gate voltage brings a single level inside the bias window, which can
contribute to electronic transport, as indicated by the arrows.

2. The quantum level spacing AE is independent of the number of charge carriers on
the dot.

The total energy U(N) of N electrons on the dot in the ground state is given by [38} |65]]

—eN+C V. +CyVy+C, V)2 X
( sVs dVd gg) +ZE1'-

UN) = 2C

(2.20)

i=1

The first term represents the electrostatic energy stored in the capacitances due to the
external voltages applied and the charge on the dot itself, whereas the second term sums
up the confinement energies E; for each single electron level.

The chemical potential can be obtained with eq.

E
p(N) = (N = 1/2)Ec = = (CyVs + CqVyg + CgVy) + En. (2.21)
e
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2. Theoretical background

With this result we can calculate the addition energy which determines the spacing between
two successive chemical potentials

Eaqda = p(N +1) — p(N) = Ec + AE (2.22)

and comprises the quantization of charge and the quantization due to the 0D confinement
of the electron spatial wave functions. In the constant-interaction model, this addition
energy leads to an almost regularly spaced ladder of levels, as shown in figure Each
level is occupied by a single electron because the addition of one electron has to be paid by
the corresponding charging energy. With regard to the quantum level spacing AE (usually
Ec > AE) the situation is more complex. Due to the fourfold degeneracy arising from spin
and valley degrees of freedom, a new shell is filled for every fourth electron and only in
this case AE # 0.

Charge stability diagram

In the experiment, we are interested in the areas in V-V, space where a current is measured
or where transport is blocked and the number of charges on the quantum dot fixed. For this
purpose, we define the charge stability diagram as a 2D map with the source-drain voltage
Vsa on the y-axis and the gate voltage V,; on the x-axis, while either the current I through
the device or the differential conductance dI/dV is measured. The current visualizes the
conducting areas, whereas the differential conductance is sensitive to changes of these
areas, and therefore better suited to measure transitions between areas with different
conductance. Similarly to the plots in figure areas with I # 0 can only be found when
a level i(N) is inside the bias window, which implies yig > p(N) > pq. In the V,-Viq plane,
this condition corresponds to sets of lines which are determined by an alignment of
or g4 to alevel y(N) on the quantum dot. For a grounded drain (4 = 0), as indicated in
figure the slopes of the lines are given by [62]]

B = Ce (#(N) aligned to source) and y = —% (¢(N) aligned to drain).  (2.23)
Cy +Cq Cs

The lines occur in a checkerboard pattern with diamond-like shaped areas (cf. figure [2.6).
Outside these white areas a current can flow, but inside the number of charges on the
quantum dot is fixed and no current will flow, the dot exhibits Coulomb blockade. For this
reason, these areas are also called Coulomb diamonds. The height of a diamond, measured
from Vq = 0, is given by E,qq4/e and the width is given by E,q4/(ce). @ = Cz/C is the lever
arm of the gate, a measure of how an applied gate voltage translates into a change in
potential in the quantum dot or in the language of the plots in figure [2.5/by how much
1(N) is shifted in energy by applying a gate voltage.

We can again see the fourfold periodicity due to spin and valley degeneracy as every fourth
diamond being larger. If the valley degeneracy is broken (i.e. K and K’ states can mix),
there is an additional splitting §E. Valley splitting can be induced by spin-orbit coupling
(for CNTs rather small and difficult to observe), external magnetic field, or intervalley
scattering, whereas the latter one can be due to electrical disorder in the CNT [38].
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Figure 2.6.: Charge stability diagram. The differential resistance dI/dV is shown in grey as a function of
the energies eVyq/g. Inside the white areas the current is zero, the number of charges is fixed. The pattern
repeats with a period of 4 diamonds, here the fourth diamond is similar to the zeroth. If the valley degeneracy
is broken, the second diamond shows an additional splitting E as illustrated on the right side. If AE ~ JE,
the pattern is only two-fold periodic instead of fourfold. § and y indicate the slopes of the diamonds and «
is the gate lever arm.

For this reason, the observation of 4-fold degeneracy is a signature of a clean CNT [66]. If
only a twofold degeneracy due to spin degeneracy occurs (AE =~ §E), the CNT is likely to
exhibit some defects.

Deviations from the constant-interaction model

The constant-interaction model gives a simple description of electronic transport through
a quantum dot. However, in real measurements, we can observe some deviations from
the sketch of an idealized charge stability diagram in figure In experiments, there
is usually a region close to the first charges on the dot (about -5 < N < 5), where the
diamonds appear larger than for high |N| and a decreasing envelope can be distinguished

(cf. figure[2.7).

This behavior can be explained by a modification of the contact barrier when a gate
voltage is applied. The contact barrier itself has a finite width and height and the effective
electrostatic potential arises from a superposition of the contact barrier and the electrostatic
potential in the CNT induced by the gate. Although the potential barrier for high charge
number |N]| is located at the CNT metal contact barriers (hard confinement), in general,
this is not true for low |N|. In a simple quantum dot with only one gate, a low gate
voltage needs to be applied for a few electron occupation. Depending on the geometry of
the device (gate width, gate CNT separation and CNT suspension length), the potential
barrier for low gate voltage can still be defined within the CNT only (soft confinement).
The boundary conditions affect not only the charging energy but also the quantum level
spacing which is usually smaller (cf. figure[2.7). The width of the confinement potential
increases quadratically until it reaches the hard boundary at the CNT metal contact (the
width corresponds to L) and does not increase further and AE approaches a constant.
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Figure 2.7.: Deviation from the constant-interaction model. Left: Soft and hard confinement in a CNT
of length L (figure from [38]). Right: Decreasing envelope of Coulomb diamond height (fourfold periodicity
not shown).

Likewise, it has to be emphasized that the gate-induced change of the shape of the contact
barrier can have an impact on the tunnel coupling I', which leads to higher conductance

for higher |N/|.

With respect to the first assumption of the constant-interaction model, the constant
capacitances covering all electrostatic interactions represent a strong simplification. We
only want to point towards one obvious effect which is not taken into account. The gate
voltage does not only influence the number of charges, but because the CNT is suspended,
a higher gate voltage will pull the CNT closer to the gate and will thereby change the
capacitance Cg.

Excited states

Until now, we have only considered energy levels y(N) in the ground state. However,
similar to atoms, quantum dots as artificial atoms can have excited electronic states. These
states belong to the same electron number N, and can be located between two levels
p(N) and p(N + 1) (cf. figure[2.8d). They are separated from the ground state y(N) (or
other excited states) by a corresponding excitation energy AE&) for an excited state i.
Every time an excited state enters the bias window, an additional transport channel opens
up, resulting in lines of high conductance running parallel to the edges of the Coulomb
diamonds.

Excited states in suspended CNTs can also occur due to vibronic excitations of the CNT,
owing to the strong electron-phonon coupling g. Particularly strong electron-phonon
coupling (g > 1) has been observed for longitudinal stretching modes in CNTs [67, 43]]. The
situation for strong and weak electron-phonon coupling g is schematically shown in figure
where the vibron potential is sketched. Tunneling of an electron onto the quantum
dot will shift the equilibrium coordinate of the vibron potential due to electron-phonon
coupling. The Franck-Condon model gives a description of the transition probability of
such an electron tunneling process. Due to a negligible mass of electrons compared to
nuclei, the nuclear positions remain essentially unchanged and in figure [2.8| only vertical
transitions are possible.
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Figure 2.8.: Vibrational excitations in CNTs and electronic excitations. a,b Sketch of the vibron
potential for N (green) and N + 1 electrons (blue). a Large electron-phonon coupling g shifts the equilibrium
position by \/EglosC with the vibron’s oscillator length ls. = 4//i/Mw. A large overlap between vibronic wave
functions only exists for higher excitations, as marked by the arrow. b For low electron-phonon coupling, the
overlap between the ground states is still large and higher excitations show a lower overlap. ¢ Measurement
showing the vibrational sidebands spaced by AE,. The asymmetry is due to asymmetric tunnel coupling I
and Iy. d Energy diagram of a quantum dot showing electronically excited states participating in transport
when they enter the bias window. Subfigures a-c adapted from with permission from Springer Nature.

The transition probability is proportional to the Franck-Condon factor, given by the
square of the overlap integral between the two vibrational wave functions before and after
tunneling [43]. This overlap depends on the displacement of the two vibron potentials,
and thus on the electron-phonon coupling. In case of strong electron-phonon coupling,
the overlap of the two vibronic ground states is small, resulting in a suppression of current
at low bias (Franck-Condon blockade, cf. figure [2.8k). A larger overlap can only be
found between the vibronic ground state before tunneling and higher vibronic states after
tunneling. For these transitions to occur, the source-drain bias V4 does not only need to
provide the energy to open a bias window around a level on the dot but also the energy
required for the respective vibronic excitations. This leads to vibrational sidebands, which
can be observed as equidistant lines (for harmonic vibron potential) running parallel to
the edges of the Coulomb diamonds similar to electronic excited states. In case of weak
electron-phonon coupling, the vibronic ground states before and after tunneling are almost
unchanged, resulting in a large overlap between the ground states, and the overlap to
excited vibronic states is negligible. Vibrational sidebands are suppressed. The spacing
between the vibrational sidebands corresponds to the energy of the vibronic excitations,
and can be used to compare to different mechanical modes. In case of a longitudinal
stretching mode, this energy is given by AEy;, = hophg with g = n/L for a mode n and L
the suspension length of the CNT [[67].
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2.2.5. Intermediate coupling regime

In the intermediate coupling regime, the tunnel coupling I is of the same order as the
charging energy Ec and the quantum level spacing AE. The higher tunnel coupling gives
rise to higher-order tunneling processes which scale proportionally to I' EI and were
therefore suppressed in the weak coupling regime. A higher tunnel coupling increases the
probability of coherent electron tunneling, i.e. electron tunneling onto the dot and out of
the dot on a time scale preserving its coherence.

Elastic and inelastic cotunneling

Not only the states inside the bias window can contribute to electronic transport. Within
a time scale set by the energy-time uncertainty, an intermediate state can be occupied
that is not inside the bias window and would be classically forbidden as it violates energy
conservation (virtual state). If the electron leaves this intermediate state to the drain
electrode, a charge has been transferred via a classically forbidden state without changing
the dot’s electron occupation and conserving the total energy of this two-electron tunneling
process. According to the energy-time uncertainty relation, these processes are more likely
to occur when the time scale ~ 72/T" set by the tunnel coupling is comparable to the time
scale ~ 71/ 5e where J¢ is the energy difference from the intermediate state to the Fermi
level of the source and the drain. Such a second-order process requires two tunneling
processes within this short time window and is therefore called cotunneling.

In contrast to first-order tunneling, where the current depends linearly on the tunnel rate
II4/ (T + I), the current for cotunneling scales proportionally to I§ - Iy [62]]. The next
higher-order terms for electron transport from source to drain would be of fourth order
and is, for instance, required for Cooper pair transport through a CNT. For now, we will
only focus on the second-order cotunneling processes and discuss different configurations
leading to non-zero conductance inside the Coulomb diamonds.

One can differentiate between elastic and inelastic cotunneling. Elastic cotunneling takes
place at zero bias (ys = p4) and leaves the dot energy unchanged. The mechanism involves a
single virtual state, as explained above (cf. figure[2.9), and is visible as a gate-independent
line at zero bias in dI/dV in the charge stability diagram (cf. blue line in figure[2.9). Elastic
cotunneling is significantly enhanced when a spin-flip is involved in the process (usually
for odd electron occupation), as we will see in the next subsection when the Kondo effect
in CNTs will be discussed in more detail.

Inelastic cotunneling requires a finite bias, which must be larger than the excitation energy
to an excited state (cf. figure[2.9b). A level u(N) is occupied with an electron below the
Fermi levels of source and drain, and thus the bias window does not cover this level, and
the dot would classically be in the Coulomb blockade regime. If the electron escapes to
the drain (virtual state) and another electron tunnels into the dot into an excited state,

1 note: T refers here to the tunnel coupling of a single barrier and 7 is the order of the tunneling process
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Figure 2.9.: Schematics of the cotunneling processes. a Elastic cotunneling. An electron (brown circle)
can tunnel out and a virtual state is formed as shown in the center image. If another electron tunnels into
the dot, energy is conserved when comparing the initial and final state. b Inelastic cotunneling leaving the
dot in an excited state and the energy is supplied by the bias voltage. Only the first excited state is shown. ¢
Charge-stability diagram for the cotunneling processes. Blue: Zero-bias line due to elastic cotunneling, as
typically observed for odd electron occupation. Red: Inelastic cotunneling lines and excited states. For even
electron occupation and broken valley degeneracy there can be two configurations for the excited state,
depending on the ferromagnetic exchange interaction J. Figure inspired by [62}|68]].

Vsp

the total energy is conserved and the cotunneling process allowed. However, this can
only occur if the source drain bias voltage covers at least the energy difference from the

ground state to an excited state i (|eVyq| > AEéQ ). In the charge stability diagram, inelastic
cotunneling appears as horizontal lines in the differential conductance located at iAEéQ
inside the Coulomb blockade area (cf. figure [2.9c). Note that these lines simply join the
parallel lines of excited states running along the edges of Coulomb diamonds when the

respective excited state enters the bias window in addition to the ground state (cf. excited

states in and figure [2.8d).
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A particular type of excited states can be encountered in the case of broken valley de-
generacy with dE < Ec. In this case, the second shell with K’ can play a role similar to
that of excited electronic states. For odd electron occupation, this effect manifests itself
as peaks in the differential conductance located at eVyq = +5E. For diamonds with even
occupation, one can sometimes observe a splitting of the inelastic cotunneling line into
two nearby cotunneling lines. The two electrons in the ground state have opposite spin
due to the Pauli principle. When one electron occupies an excited state, however, the
spin is no longer fixed. The low energy splitting between the two excited states can be
explained by a singlet-triplet splitting of the two spin configurations that depends on the
magnetic exchange interaction J between the electron spin in the ground state and the
excited state [62]].

Kondo effect in CNTs

One special type of elastic cotunneling in CNTs is spin-flip cotunneling, also called "Kondo
effect". In metals, the Kondo effect is usually associated with a resistance increase in low-
temperature electronic transport when magnetic impurities are added [69]]. The magnetic
moments of the local impurities can interact with the spins of the delocalized conduction
electrons at the Fermi level of the metals. An antiferromagnetic exchange interaction leads
to a screening of the impurity by electrons with spins opposing the magnetic moment
of the impurity, forming a correlated electron state, the Kondo cloud. The scattering of
conduction electrons at the Kondo cloud causes a resistance increase.

In CNT quantum dots for an odd electron occupation, the resulting unpaired spin 1/2
electron can be considered as a magnetic impurity in the 1D conduction channel between
the two reservoirs [70]. If the contact barriers are sufficiently transparent (I' > Ec¢), an
antiferromagnetic exchange coupling between the spin on the dot and the conduction
electrons of source and drain can arise. This interaction is responsible for the screening of
this magnetic spin 1/2 impurity, with the majority spin in the leads opposing the spin of
the electron on the dot. As a consequence, at the end of a cotunneling process, the spin of
the initial and final states of the spin 1/2 impurity changes sign (spin-flip cotunneling).
The Kondo effect can be considered as a many-body phenomenon since many conduction
electrons at the Fermi level of the reservoirs are involved [[71]. A new strongly correlated
state arises between the energy level on the dot and the conduction electrons of the
reservoirs. In contrast to bulk metals, where a resistance increase is observed when
magnetic impurities are added, in 1D conductors, such as CNTs, the correlations enhance
the elastic cotunneling processes considerably and open up a highly transmitting channel
at zero bias, the Kondo resonance. To the width of this resonance, one can associate a
Kondo temperature Tk [62]

kpTx = (2.24)

VI'Ec (77,'56(56 + Ec) )
exp | —————].
2 I'Ec

Here Je¢ is the energy difference from the level p(N), which hosts the magnetic impurity,
to the Fermi level of the reservoirs (cf. figure [2.10).
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Figure 2.10.: Kondo effect in CNTs. a Spin-flip cotunneling process, b Charge stability diagram with SU(2)
Kondo effect in the case of broken valley degeneracy. Elastic cotunneling lines appear for every odd diamond.
¢ Charge stability diagram with SU(4) Kondo effect in the case of approximate valley degeneracy. Elastic
cotunneling lines appear for a sequence of three diamonds.

So far we only investigated the standard spin 1/2 Kondo effect (SU(2) Kondo), but in
principle Kondo resonances can also be mediated by other degrees of freedom under the
condition that they are conserved during cotunneling processes [72]]. For CNTs, depending
on spin-orbit coupling [73]], valley splitting [74], etc., many other types of Kondo effects
can arise. We will only focus on the SU(4) Kondo effect due to the fourfold degeneracy
occurring in the limit Agg/, Aso < kpTx. Here, in addition to diamonds with odd electron
occupation, resonances can also be observed when the fourfold shell is occupied with two
electrons. For two electrons and therefore half occupation of the shell (spin and valley) the
situation is analogous to two independent unpaired impurities. This results in a maximum
conductance of 4e?/h instead of 2e?/h for the SU(2) Kondo effect. For the third diamond,
there is only one unpaired electron, and the situation is similar to the first diamond, and a
maximum conductance of 2e?/h can be reached.

2.2.6. Strong coupling regime

If the transparency of the contact barrier is increased, such that the tunnel coupling T
dominates the charging energy Ec, the electrostatic interaction between electrons in the
CNT is negligible and the addition energy depends only on the quantum level spacing AE.
Asa consequence, more than one electron can tunnel at a time.

For a ballistic CNT without scattering inside the CNT, this results in electron interference
from multiple reflections at the CNT metal contact interface [47]. These interferences can
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Figure 2.11.: Fabry-Pérot regime. a Schematic of the electron interferences. b Charge stability diagram
with Fabry-Pérot interference pattern with height indicated by the white arrow. Figure from [47]].

be compared to the photonic analogue of Fabry-Pérot interferences in an optical cavity
(cf. figure [2.11), and this regime is called the Fabry-Pérot regime or the open quantum dot
regime. In the optical analogue of a cavity with fixed length, the resonance condition can
be tuned by changing the wavelength of the light. For a CNT quantum dot, V, changes
the position of the Fermi level in the CNT and the associated Fermi wave number which
is related to the Fermi wavelength kr = 277/ Ap. Therefore, the oscillations in the charge
stability diagram exhibit a dependence on the gate voltage. The height of the pattern,
indicated by the white arrow in figure shows an inverse dependence on the length L
of the CNT quantum dot and if Ec < AE, the height corresponds to the quantum level
spacing, which for a metallic, ballistic CNT is similar to the hard confinement condition in

figure [2.7]and given by [47]]

S 2L’
This equation can be used to calculate the length L of the CNT quantum dot.

AE (2.25)

2.3. Nanomechanics of transverse bending modes in
suspended CNTs

Due to their low mass and high Young’s modulus, CNTs are ideal candidates for nano-
electromechanical systems (NEMS), with potential applications ranging from force and
mass sensors to a versatile platform for exploring fundamental physics questions. A key
challenge is to transduce mechanical vibrations into a measurable electrical signal [[75]]. In
this chapter, we will review the mechanics of transverse bending modes and discuss how
motion can be driven and detected in suspended CNTs.

2.3.1. Mechanics of a doubly clamped beam
A suspended CNT can be modelled by the Euler-Bernoulli equation of a doubly clamped
beam with cylindrical cross section [76]

Fu dtu | du
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Here, the CNT axis is in x-direction and the vibration amplitude u(x, t) in z-direction.
The first term in equation represents the acceleration with the mass density p and
the cross section A = 7r? for a CNT with radius r. The second term is related to the
bending of the beam and depends on the bending rigidity D = EI/(1 — v?) ~ EI with the
Young’s modulus E, the second moment of inertia I, and the Poisson’s ratio v, which is
often negligible for CNTs since the application of axial strain only induces weak transverse
strain in CNTs. The third term takes tension into account which in the limit of small
beam deflections (du/dx < 1)is givenby T = Tj + fo ‘9“ ? dx and includes some initial
tension Ty and a tension related to the elongatlon of the beam The tension induced by
elongation introduces a nonlinearity in equation that makes an analytical solution
impossible [77].

F(t) is a time-dependent external force driving the CNT. In case of a capacitive actuation
at angular frequency w via a gate below the CNT in the limit of weak drive VgAC < VgDC,
this force can be written as [|76]]

F(5) = a—g VA1) = (VDC VgAC(t))2 (2.27)
% Zi ((VgDC)2 + ZVgAC(t)VgDC) = Fpc + Fac cos(wt). (2.28)

The partial derivative dCy/du takes the modification of the gate capacitance into account
induced by a CNT oscillating with deflection u. Note that doping of the CNT can shift the
Fermi level of the CNT to a non-zero gate voltage. Beyond that, the equation for the force
is based on a continuous charge distribution on the beam. In the case of Coulomb blockade,
the discreteness of charge can induce a finite electrostatic potential on the dot itself, which
is discussed in detail in section Both effects lead to a non-zero potential on the dot,
denoted Vj, which must be subtracted, leading to a substitution of VgDC — VgDC - Vo [13].

For now, we neglect the AC part of the external force. The DC part of the external
force induces tension in the CNT which can be approximated by T oc Fpc [78]. In the
following, we give approximations for the fundamental mode for different limits, including

second-order corrections from [79] (cf. figure [2.12).

« bending limit: T << L. The tension-based term can be neglected and the solution is

22 4 |EI
= +0.28T (2.29)
pA pEIA

Therefore a wy ~ L™ dependence is expected for the resonant angular frequencies
andawy ~ T ~ (VgDC)2 dependence for the DC part of the gate voltage. CNTs
with high Young’s modulus E = 1 TPa [80] are expected to be bending dominated.
Indeed, the quadratic dependence on the gate voltage is typically observed in our
experiments, indicating that we work in the bending limit.

« catenary regime: When the tension is increased and T > L2’ the bending term
becomes negligible and the leading term is determined by the resonant angular
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Figure 2.12.: Limits of the Euler-Bernoulli equation. Resonant frequency as function of gate voltage
with the three different regimes. Figure from [78].

frequencies of a guitar string (scaling of 1/L). Since wy ~ VI ~ VgDC a linear
dependence on the DC part of the gate voltage is observed.

« tension limit: T >> L. The bending term is completely negligible. The second term
of the tension T domlnates and the tension starts saturating [79]

wer [T »

The equation can be approximately transformed into the equation of a so-called
Duffing oscillator, a model of a harmonic oscillator with non-linearities absorbed in a
cubic u3-term [77, 80]. The according differential equation for a periodic drive force and
an additional damping term (with damping rate y) writes as [80, |81]]

2.3.2. Duffing oscillator

i(t) +yu(t) + wiu(t) + au’(t) = % cos(wt). (2.31)

The cubic dependence of the nonlinearity implies, that for low drive power, the linear
system with Lorentzian resonance is retained. The onset of nonlinearity has been calculated

for a nanotube in [80]
“=B\o\1 " PEs) '

For nanoassembled CNTs we expect a low initial tension, since the CNT is mechanically
transferred at ambient temperature, and thus the second term can be neglected.
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Figure 2.13.: Duffing oscillator resonance lineshape. Resonance (amplitude Y in arbitrary units) as
function of resonance frequency w. The resonance is softened for ¢ < 0 and hardened for @ > 0. a
Observable hysteresis for increasing and decreasing frequency sweeps. b Theoretical result for the two cases
a < 0, > 0. Figure from [82].

Due to the low diameter, the onset of nonlinearity is expected at comparably low power,
making CNT nanomechanical oscillators ideal platforms for an operation in the nonlinear
regime (e.g. as threshold detectors).

For higher power, the cubic term dominates and the peak is pulled to higher (or lower)
frequencies depending on the sign of the Duffing parameter « > 0 (¢ < 0) (cf. figure
, for a detailed calculation of « see [80]). For an even stronger drive, there are three
solutions for the amplitude u in a specific frequency range. Only two of these solutions
are stable, the one on the upper branch and the other on the lower branch. The system’s
change from the upper branch to the lower branch and vice versa depends on the direction
of the frequency drive. In the example shown in figure 2.13p, we assume a < 0 and
the resonance is pulled to the left side and multivalued due to the high drive power. A
downward frequency sweep will leave the resonator in the upper branch until it reaches
the maximum, and then a sudden jump into the lower branch occurs. For an upward
frequency sweep, the situation is different. The system stays in the lower branch until it
reaches the highest frequency value possible on this branch, and then it will jump into the
upper branch. The result is a sharp hysteresis in the shape of the resonance.

2.3.3. Detection of mechanical resonances

Motion can be driven in a suspended CNT by applying an AC voltage either at the local
gate electrodes or via a distant RF antenna following equation When the applied
frequency matches the resonance frequency of the CNT wy /27, the amplitude u, of the
transverse bending mode becomes significant. The high resonance frequencies in the
MHz-GHz range exceed the measurement bandwidth in the kHz-range (limited by an
effective low-pass filter due to the device resistance and the cable capacitances), and
therefore, direct, real-time measurements of the oscillations are not possible. For CNT
bending modes, two readout techniques are commonly used, which we will discuss in the
following.
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Current rectification

The rectification of a time varying current signal in a device results in a non-zero DC
signal if the conductance is nonlinear. For CNTs such nonlinear conductance can, for
instance, occur due to Coulomb oscillations. A mechanical displacement of the CNT
u(t) = ugcos(wot) at resonance wy/27 periodically modifies the distance between the
position of the CNT and the gate electrode, resulting in a modulation of the gate capacitance.
This effect can be modeled by adding an alternating capacitance C?C(t) = 9Cqy/du - u(t) to
the static capacitance C2¢ which affects the gate induced charge g. = V¢Cy, and therefore
the current through the CNT. With our low measurement bandwidth in the kHz range we

measure the effect of mechanical oscillation on the time-averaged current given by [4]

2 2
(I(uo, Vg)) = I(Vy) + o] (Vg 8Cg) &I

=2 —— +0(ud). 2.33
4 \Cy ou | oV? () (2:33)

The time-averaged current is proportional to the local curvature %I/ anz of the gate depen-
dent current I(Vy) = G(V;)Vsq, which has important implications on the measurements.
First, in order to measure a mechanically-induced change in the time-averaged current
signal, it is beneficial to choose a gate voltage at which the current has maximum curvature.
Second, in the Coulomb blockade regime, the curvature is negative around the maximum of
a Coulomb peak and a dip in the current is expected when the tube oscillates at resonance,
while the curvature is positive on the flanks resulting in a peak in the current.

Frequency mixing

In a frequency mixing technique, two RF signals at frequencies f; and f, are applied to an
electric circuit and an output signal is generated with frequencies different from the input
frequencies f; and f;. The output signal usually has two frequency components at the sum
and the difference of the input frequencies f; + f,. For CNT resonators, the downward
mixed component at the difference of the input frequencies can be chosen to be within the
measurement bandwidth of the setup. Similarly to rectification, the oscillating CNT leads
to an AC component of the gate capacitance C?C. However, a second microwave drive
tone is now applied to the source electrode, and the CNT is used as a frequency mixer.

The magnitude of the current through the suspended CNT device is given by the product
of the modulated conductance G due to mechanical oscillation and the applied RF voltage
at the source with amplitude Vsﬁc (78]

1 dG Cp©
81 = SGVAC = v, VAC 4 VgDCCi VAC, (2.34)
3adVg g

In distinction to the current rectification, the amplitude of the current does not depend on
the second-order derivative (curvature) of the conductance but on the first-order derivative

(slope).
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2.3. Nanomechanics of transverse bending modes in suspended CNTs

A modified approach involves an impedance matching circuit transforming the device
impedance to 50 Q at the resonance frequency w /27 of the CNT [_83} 84, 75]. This setup
allows for a measurement of the current noise, which is related to the displacement noise,
giving rise to the detection of thermal vibrations and the determination of the thermal
occupation of the resonator in the absence of driving [|84].

2.3.4. Impact of Coulomb blockade on mechanical bending modes

In the previous section, we presented two measurement schemes for the changes in
the current and the differential conductance induced by the mechanical resonance. On
the other hand, the single-electron tunneling represents an external perturbation to the
mechanical oscillations. In the following, we will calculate the modifications in the
mechanical resonance due to single-electron tunneling in the Coulomb blockade regime,
where we will follow the supplementary material from [13}|11]].

We start with the electrostatic force between the quantum dot and the gate which is a
modified version of the DC part of equation [2.28]
19Cg 19C,

Foot = =— (V¥ = Vaor)* =

ey ey (V) =2V Vo) Vi > Vaor.  (235)

Here Vg is the electrostatic potential of the quantum dot which consists of two terms, a
first term with the electrostatic potential arising from N charges on the dot and a second
term generated by the applied gate voltage

DC
—N|€| + Cng — gdot + qc

2.36
C C C (2:36)

Vot =
C is the total capacitance of the dot which could be modeled within the constant-interaction
model following equation _ qdot the charge on the dot and q. = CngDC the control
charge. A non-zero Vj, is a direct consequence of the discreteness of charge in single-
electron tunneling. In the absence of Coulomb blockade (kgT > Ec), when the charge gqot
on the dot is continuous, the potential on the dot is Vi = 0 since ggot = —¢e.

Equation [2.35|thus reduces to a force only determined by the DC gate voltage (cf. Fpc in
equation . In equation the charge on the dot g4ot is assumed as a staircase, as is
the case for T — 0,I" — 0. In practice, we operate in the limit kgT <« I" and the charge
steps are smeared out. At the transition from N to N + 1 charges, it makes sense to talk in
terms of average electron numbers (N) which are no longer restricted to integer charges

(cf. figure|2.14p). This allows us to write gqot as

qdot = —|e[{N(qc))- (2.37)
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Figure 2.14.: Overview of the spring softening of the mechanical resonance. a Definition of the charge
on the quantum dot at T, T = 0 (solid line) and finite T, T (dashed line) and definition of the dot potential Vg,
with the sawtooth dependence on the control charge g.. b Spring softening dip for the Duffing oscillator at a
Coulomb diamond with change of the sign of the Duffing parameter « at the inflection points and respective
resonance shape. The bifurcation broadens the areas with positive current (red) and negative current (blue).
The background has been subtracted. ¢ Measurement data for the spring softening. Upper: Current as a
function of gate voltage showing Coulomb peaks. Lower: Spring softening at the Coulomb peaks and linear
frequency dependence for diamonds corresponding to N holes. Inset: theoretical curve. Subfigures taken
from [[11].

In the following, the case of a mechanically excited CNT oscillating at a frequency f will be
addressed. We can calculate the modification of the spring constant due to single-electron
tunneling with equation as follows

dF, d (10C aCy AV, 9*C
ok = ——3 — (——g(VgDC - Vdot)z) = (VgDC - Vdot)_g 1o (a_g) (2.38)

du ~ dul\2 au ou du u?
VDC(VDC - Vo ) aC 2 d(N
Sk~-t ¢ o (Ze) (1 - MM . (2.39)
C ou dqg.

WithG =T/2-e| - C-d(N)/dqc, for AE > kgT, the result can be expressed in terms of T’
and the conductance

Sk (2.40)

C ou _E

Equation implies a softening of the spring constant due to the last term in brakets
which depends on the conductance G. We therefore expect the respective dips in frequency
to occur only in the vicinity of the Coulomb diamonds (cf. eq. [2.39] figure [2.14f).

VRV = Vo) (acg)z( ZG)
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2.4. Superconductivity in carbon nanotubes

The frequency shift of the mechanical resonance f; due to single-electron tunneling is
given by

sk fo Vg TV = Vaor) (acg)2 ( 2G) | (2.41)

Of = fo— = — —
f=to 2k 2k C ou CT
The frequency shift depends on V. Its sawtooth dependence on VPC results in frequency
shifts each time a charge is added to the quantum dot. This can be seen in discrete spacings
between the resonance frequencies in the Coulomb blockade areas between the dips of

softening.

Until now, we only considered small oscillation amplitudes for the resonator in the linear
regime. For stronger drive, the complete Duffing equation must be taken into account,
including the nonlinear term, and the spring constant has to be modified k — k + au?.
The softening or hardening of the spring constant is determined by the sign of «. We can
calculate « as the third derivative of the force with respect to the amplitude (neglecting
second order derivatives of Cy)

z d25k
dg?

__$F_ d
T dud du?

_ (yDCy2 [ g
5k(q0) = (v >2(au)

(2.42)

Note that Sk is the same as in the linear case and can be taken from equation The
Duffing parameter « is proportional to the curvature of 6k = dk(q.) = 5k(VgDC) and will
change its sign at the inflection points of the frequency dip, as it becomes apparent in

figure [2.14b.

2.4. Superconductivity in carbon nanotubes

Building superconducting circuits with CNTs is not straightforward, since single carbon
nanotubes are not intrinsically superconducting. Potential signatures of intrinsic super-
conductivity have only been found in ropes of CNTs [85]. However, a supercurrent can
be injected via the superconducting proximity effect when the CNT is contacted by a
superconductor. This chapter is dedicated to the superconducting proximity effect in CNTs.
We will first review the basic physics of superconductivity, discuss the transport through
a superconductor - normal conductor - superconductor weak link and apply the theory of
CNT quantum dots presented in chapter[2.2.3|to superconducting contacts. The last part
focuses on the dynamics of the Josephson junction and SQUIDs.

2.4.1. Basics of superconductivity

Superconductivity is a many-body, quantum mechanical phenomenon that occurs in
certain materials when they are cooled below a critical temperature T.. At this critical
temperature, the material undergoes a phase transition from the normal conducting into
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2. Theoretical background

the superconducting state, which is characterized by zero electrical resistance and perfect
diamagnetis The latter one is also known as the Meissner-Ochsenfeld effect and is
caused by screening currents flowing on the surface of the superconductor that expel the
magnetic field inside the superconductor.

On a microscopic level, these effects can be explained by the BCS theory [86]. Two electrons
can combine to a so-called Cooper pair with less energy than the kinetic energy of the two
individual electrons. For this to be energetically favorable, an attractive electron-electron
interaction needs to be established between two electrons, which can, for instance, be
mediated by the lattice in the form of phonons [[87]]. The corresponding pairing energy
of two electrons or the breaking energy of a Cooper pair is 2A, where A is called the
superconducting gap. In the case of conventional superconductivity, the spin part of the
wave function is antisymmetric and the two electrons of a Cooper pair have opposite
momentum and spin (|k T, —k |)). The integer spin results in a behavior similar to bosons,
and thus all Cooper pairs form a single coherent macroscopic state, the BCS ground state
with a single macroscopic phase ¢, which is given by [88]]

(acs) = [ ] (lel + lowle?c] e ) 10) (2.43)
k
with the vacuum state |0), creation operator of an electron CZ , With momentum k and

spin o and the probability of an occupied pair state |vi|? and unoccupied pair state |u|?.

Excitations from the BCS ground state result in the creation of pairs of quasiparticles, and
each pair requires an energy of > 2A. The dispersion relation of a single quasiparticle
relative to the chemical potential y is given by [88]

nkz |
Ek:,/A2+e§: A2+(%—y) . (2.44)

The hyperbolic dispersion relation is drawn in figure and we can see that the su-
perconducting gap leads to a mixing of electron-like and hole-like excitations, which is
different in a normal metal (A — 0) where both contributions can be separated. There are
no quasiparticle states available for E < A and the quasiparticle density of states can be
computed as [88]]

Do (p)—=£—, E>A
DSC<E>={ R (2.45)

0, else.

Dy (p) denotes the DOS in the normal conducting state and is assumed to be constant
around the chemical potential. A common representation of the quasiparticle density of
states is the semiconductor model [88], as shown in figure [2.15b. We will later use this
representation to explain tunneling processes of quasiparticles.

2 for type I superconductors
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2.4. Superconductivity in carbon nanotubes
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Figure 2.15.: Quasiparticle dispersion and density of states. a Energy dispersion of quasiparticles and
comparison to pure electronic/hole excitations (grey dashed). b Quasiparticle density of states (DOS) in the
semiconductor model with occupied states below the chemical potential ;4 marked in yellow (at T = 0).

The BCS theory also yields a characteristic BCS coherence length related to the supercon-
ducting gap [88]

hUF

épes(T) = ZANT)

(2.46)

For clean superconductors (electron mean free path shorter than the average distance of
the two electrons of a single Cooper pair) this BCS coherence length describes the spatial
extension of a Cooper pair (at zero temperature) also known as the superconducting
coherence length & = &gcs(0). Likewise, it can be seen as the distance over which the
superconducting electron density changes from zero on the surface to the bulk value of
the superconductor [89].

Since the binding energy of a Cooper pair is finite as well as the number of accessible
Cooper pair stateﬂ magnetic fields are only expelled up to a critical field H.(T) which is
inherently related to a maximum supercurrent density j. that is linked to a critical current I.
In general, two types of superconductors can be distinguished. In a type I superconductor,
the perfect diamagnetism (Meissner phase) persists until the phase transition, while in a
type II superconductor, two phases exist below the transition to the normal state. The first
phase is a Meissner phase until a first critical field H.; when magnetic flux can partially
penetrate the superconductor and form vortices until superconductivity is broken at a
second critical field H¢, (Shubnikov phase). The main superconductor used in this work is
molybdenum rhenium and a type II superconductor.

3 TFor phononic interaction only electrons with one particle energies y < E < p + fiwp with the Debye
frequency wp can participate in pairing which restricts the corresponding k-states.
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Figure 2.16.: Josephson effect for an insulator (I) sandwiched between two superconductors (Si, S;).
The wave functions overlap in the normal conductor and Cooper pairs can tunnel through the junction of
length L. Inspired by [90].

2.4.2. Superconducting proximity effect

In the previous sections, we focused only on isolated superconductors, now we will discuss
a system consisting of two superconductors S; and S, separated by a normal conductor (N)
or insulator (I), denoted SNS or SIS junction. In our case, the CNT can be approximated as
a normal conductor and the two superconductors consist of the same material (with the
same superconducting gap A, but different superconducting phases ¢, and ¢).

Josephson effect

In a normal metal - insulator contact, the wave function of electrons decays exponentially
in the insulator region. If this insulator is thin and encapsulated by two normal conducting
regions, the exponentially decaying electron wave functions of the two metals can overlap
in the insulator region and a finite tunneling current can be measured. Replacing the
normal conductor with a superconductor implies that there are no electrons around the
Fermi energy available for tunneling and the tunnel current should be negligible. However,
the superconducting correlations also extend into the insulating region, as shown by the
overlap of the macroscopic wave functions in figure As Josephson [91] predicted,
Cooper pairs can tunnel as one entity through the insulating junction, which can be
interpreted as tunneling of the macroscopic wave function. The effect of supercurrent
flowing through a non-superconducting region between two superconductors is referred
to as the Josephson effect, and the corresponding junction is called a Josephson junction.

This supercurrent depends on the phase difference ¢ = ¢; — ¢, of the two superconductors
across the junction and for an SIS junction it has the following current-phase relation
(CPR), known as first Josephson equation

I =I.sin(¢). (2.47)

I, is the critical Josephson current determined by the coupling strength of the two super-
conductor and gives the maximum Josephson current. Compared to a normal metal, where
a current is only driven by a difference in the electrical potential, for a superconductor,
the phase difference drives a supercurrent through the Josephson junction, which in the
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2.4. Superconductivity in carbon nanotubes

absence of external voltages is constant (DC Josephson effect). Note that the simple sinu-
soidal dependence of the CPR of equation is only applicable to junctions in the weak
coupling limit (e.g. SIS tunnel junction), while the 27 periodicity of the phase difference ¢
is a fundamental property independent of the material, geometry, and model used for the
derivation [92].

The application of a finite bias voltage across the junction results in a phase evolution,
given by the second Josephson equation with the flux quantum ®, = h/2e

dp 2V  2x

—=—=—V. 2.48

dt h ®, (2.48)
An integration of this equation over time and insertion into the first Josephson equation
results in an alternating current across the junction for V' # 0. This effect is known as the
AC Josephson effect with the characteristic Josephson frequency wj = 2eV /h.

In the case of an SIS junction with two identical superconductors, the BCS theory can
yield a relation between the normal state resistance and the critical current, known as
Ambegaokar-Baratoff relation [93]

xA(T) A(T)\ 1-0 nA(0)
tanh(szT) Y

I.(T)Rn = (2.49)

SN contact

From now on the insulator is replaced by a normal conductor to model our CNT. Transport
through the normal conductor could still occur through direct Cooper pair tunneling,
as it is the case for the usually few nm thick insulators (cf. figure 2.16). However, in
SNS tunneling experiments, a non-zero supercurrent can still be observed over a distance
ranging from 100 nm to several pm much larger than the superconducting coherence
length, which must rely on other mechanisms. In contrast to the insulator in an SIS
junction, the normal conducting metal in an SNS junction has electronic states available
at the Fermi level, which may suggest supercurrent transport through the SNS junction
via electron hole pairs in the normal conducting region.

In the following, we assume A >> kgT and consider a normal conductor shorter than the
phase coherence length L < Ly. The transport through an SNS junction can be divided into
different regimes depending on the ratio of the junction length L to the superconducting
coherence length & = 7&; and the electron mean free path ¢ in the normal metal.

The transport through a normal conductor is ballistic, when its length is shorter than the
electron mean free path ¢, i.e. L < ¢ and diffusive when L > ¢. Transport in CNT junctions
with L < 1 um can typically be considered ballistic.

An SNS junction operates in the short-junction regime, when ¢ > L and in the long-
junction regime when & < L [94]]. An alternative definition of the short- and long-junction
regime can be given in terms of classical energy scales. The energy scale of an electron
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Figure 2.17.: Normal conductor-superconductor (NS) contact. Andreev reflection occurs for high contact
transparency T, — 1. a If the kinetic energy is larger than the superconducting gap € > A an incoming
electron can find unoccupied quasiparticle states and can tunnel. b If the kinetic energy of the incoming
electron is not sufficient to overcome the superconducting gap ex < A, the electron can be Andreev
reflected as a hole with inverse k and under simultaneous injection of a right-moving Cooper pair in the
superconductor S;. The occupied states in the normal conductor are shown in blue and in hatched yellow in
Si. Note that the DOS in the normal conductor is modified close to the interface due to the proximity effect,
the DOS drawn here is far away from the interface.

that passes the normal conductor can be expressed in the diffusive and ballistic limit as
follows

Bo 7%, ballistic limit (2.50)

72_12), diffusive limit.

AD
L2
[95]. This allows us to express the short-junction regime equivalently as E > A and
the long-junction regime as E < A. For a junction length of L < 500nm in this work
and a Fermi velocity of vy ~ 8 X 10° m/s, we can calculate E > 1meV. In the cryogenic
measurements in chapter[6.3] the proximity-induced gap is estimated for our devices to

~ 1.5 meV/4, which places us slightly in the short-junction limit.

The energy Ey, = with diffusion constant D = fovp/3 is called the Thouless energy

For the derivation of the microscopic process at the SN junction, we consider a simple
NS; junction and an electron in the normal metal approaching the contact interface with
kinetic energy €, where €, is measured relative to the Fermi level. The contact itself
has a transparency of 0 < T,, < 1. If the contact is opaque (T, — 0), the electron cannot
enter the superconductor and will be reflected as an electron (normal reflection). For a
transparent contact (T, — 1) the situation is more interesting. If ¢, > A, there are empty
quasiparticle states in the superconductor and the electron can tunnel into these states
with the result of a quasiparticle in the superconductor. The conduction is determined
by the quasiparticle density of states and reaches a maximum when ¢, = A. However, if
€x < A, there are no quasiparticle states available in the superconductor. In this case, the
electron can be reflected back as a hole if energy, charge, and momentum are conserved
in a process called Andreev reflection. Energy is conserved by reflection as a hole with
energy —ex. Charge conservation requires that the charge of 2e must be transferred to
the superconductor, which can be realized if the reflection process generates a Cooper
pair in the superconductor. The momentum of a Cooper pair is 2kp and momentum
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2.4. Superconductivity in carbon nanotubes

conservation requires 2kr = k. + kj,, which implies an opposite propagation direction of
the hole compared to the incident electron. Andreev reflection leads to a phase shift of the
reflected hole or electron, which is given by [45]

+, incident electron

—, incident hole. (2.51)

dn — Pe = £¢1 + arccos (%k) {
Similar to a particle incident from the normal conducting side, Andreev reflection can
also occur if a Cooper pair from the superconducting side penetrates the contact interface,
resulting in the formation of an electron hole pair in the normal conductor which is also
called Andreev pair. Equation implies that this Andreev pair carries information
about the superconducting phase ¢, and thus superconducting correlations also spread
into the normal conductor and induce a (reduced) superconducting gap in the vicinity
of the interface. This is the superconducting proximity effect. The characteristic length
scale &, over which the proximity-induced superconductivity decays, is determined by

the coherence length of the e-h pair in the normal conductor (&, = %ivp/27kgT in the clean
limit [88]], e.g. for a ballistic CNT).

SNS contact with zero voltage bias

We consider a S;NS; junction with the two superconductors S; and S; with the same
superconducting gap A but different phases ¢, and ¢, and a normal conductor in between
and the following process.

a; An electron in the normal conducting region propagates to the NS, interface, is
Andreev reflected at the NS, interface and a Cooper pair generated in the supercon-
ductor S,.

b; The reflected hole can propagate back in the normal conductor and is Andreev
reflected at the NS, interface, and a Cooper pair is eliminated in superconductor S;
and an electron reflected back in the normal conducting region.

A succession of the two processes a; and b; forms a closed loop, and the normal conductor
can be considered as a cavity for the circulating single particle. Cooper pairs can be
efficiently transferred between the two superconductors if the constructive interference
condition is fulfilled for n cycles [96] (assuming perfect transmission T, = 1 and a single
channel here)

€
27n = 2 arccos(€x/A) £ ¢ + 2Lh—k. (2.52)
UF

The first term refers to the phase shift during Andreev reflection at the SN interfaces,
the second term contains the phase difference between the two superconductors and the
third term the phase accumulated during propagation in the normal conductor of length L
during one cycle. The resonance condition allows only a discrete set of wavevectors
that are related to discrete energy levels, the Andreev bound states (ABS). These energy
levels could be extracted by solving equation for .
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Figure 2.18.: SNS contact and Andreev bound states (ABS). a Andreev reflections of an electron at kinetic
energy € at the two NS interfaces result in a closed loop transporting supercurrent through the normal
conductor. b The DOS in the normal conductor is actually not constant as drawn in a for simplicity, but
modified due to the proximity effect and the emergence of ABS (inspired by [97])). ¢ Energy dispersion of
the ABS for different junction transparencies (cf. eq. [2.53). The ground state E_ is occupied at T = 0K and
the excited state E; unoccupied. d Current-phase relation (CPR) for different junction transparencies (cf. eq.
[2.55), differing fundamentally from the sinusoidal CPR for T, — 0.

For now we assume a short junction, L < ¢, i.e. negligible phase evolution due to
propagation in the normal conductor. The energy of the ABS below the superconducting
gap A with v transmission channels in the normal conductor and a non-perfect transmission
T, gives the expression [45, 92]

E,(p) = £A\1 - T, sin?(p/2). (2.53)
From this expression, the current-phase relation I(¢) can be inferred by using
dE 0 de
_— = E —=VI 2.54
& 9 Z o) 3 (2.54)

and the second Josephson equation [2.48] linking the phase derivative to the voltage. The
CPR at zero temperature for positive ABS energy is given by [45]
2e 0E, eA T, sin ¢

e _eh ‘ 2.55
(o) h4dop  2n & V1 —T,sin?(¢/2) -
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2.4. Superconductivity in carbon nanotubes

One can see that the energy of the ABS oscillates periodically with the phase difference ¢,
which in the optical analogue, corresponds to a change in the cavity length by moving
the mirrors [97]. A phase difference of ¢ = 0 for any transmission T, implies that the two
ABS hit the superconducting gap and start to show quasiparticle-like behavior, resulting
in a zero net current across the junction. In general, the CPR itself differs from the CPR of
the first Josephson equation but in the limit of opaque contact barriers T, < 1 the
CPR[2.47]is recovered with I(¢) = I sin(¢), where I. = (eA/2h) 3., T, = (A /2e)Gx [45]],
and therefore, it is proportional to the normal state conductance Gy and in agreement
with the Ambegaokar-Baratoff relation[2.49] This is fundamentally different in the limit of
transparent contact barriers T, — 1, where one obtains I(¢) = I sin(¢/2) (for -7 < ¢ <
) and a discontinuity at ¢ = £+ with I, = (xA/e)Gy;, as shown in figure[2.18]

SNS contact with finite bias voltage

In the previous section, we considered ABS at zero bias voltage across the junction. The
finite voltage will induce a linear time evolution of the phase difference, and at low bias
eV < A, the oscillating ABS energy will simply result in an AC current, following equation
and [2.55] However, if eV < A, the rate at which the phase difference changes and
therefore the Josephson frequency is of the same order as the ABS energy. The adiabatic
assumption that the ABS energies follow the time evolution of the phase is no longer
fulfilled [45]).

The dominant charge carrier transport is via multiple Andreev reflections (MAR) of
quasiparticles 98], which will be discussed in the semiconductor picture. If eV > 2A, a
quasiparticle from an occupied state in superconductor S; can find an unoccupied state
in superconductor S; and a current can be measured only due to quasiparticle tunneling.
If eV < 2A, there are no states available in the superconductor S, and multiple Andreev
reflections can occur, leading to subgap conductance resonances.

The MAR process can be described in terms of the same two Andreev reflection processes
a; and b; involved in ABS with the only difference that the Fermi energies of the two
superconductors are shifted due to the applied voltage bias and that two quasiparticle
tunneling processes need to be added at the start and the end. We start with an electron
from an occupied state at the Fermi level of the left electrode entering the normal region
in a normal tunneling process. This is the initial condition in a;, and after propagation in
the normal conductor, the electron at energy —e; below the Fermi level at S, is Andreev
reflected at the NS, interface as a hole at energy ¢, and the process by starts with the
hole propagating to the NS; interface and Andreev reflection. Due to the finite voltage,
the hole energy and the energy of the initial electron entering the normal region are not
symmetric with respect to the Fermi level in S;. Therefore, in contrast to the zero voltage
case, the loop is not closed and the energy of the Andreev reflected electron at the NS;
interface is different from the initial electron. A succession of these processes leads to an
increase in electron energy in the normal conductor and when the energy exceeds the gap
of the superconductor S, or Sy, the quasiparticle can find free states and tunnel into the
superconductor in a normal tunneling process. The probability of the normal tunneling
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Figure 2.19.: Multiple Andreev reflections (MARs). Schematic representation of the energy as function of
quasiparticle DOS with different multiple Andreev reflection processes. a MAR of second order (eVyq = 2A/2):
A quasiparticle tunnels into the normal conductor, leaves a hole in the valence band of S; (0.) and is Andreev
reflected at the NS, interface under emission of a hole (1.) and a Cooper pair in S;. The hole can tunnel into
S, and thus two charges are transferred. b MAR of third order (eVyq = 2A/3): Similar to before a quasiparticle
tunnels into the normal conductor, leaves a hole in the valence band of S; (0.) and is Andreev reflected at
the NS, interface under emission of a hole (1.) and a Cooper pair in S,. The hole is again Andreev reflected
as electron (2.) at the NS; interface by elimination of a Cooper pair. It has sufficient energy to tunnel into
the unoccupied states in S, and thus 3 charges are transferred. ¢ MAR of fourth order (eVyq = 2A/4): The
quasiparticle is Andreev reflected at the NS; interface as hole (1.) with transfer of a first Cooper pair in S,
the hole is Andreev reflected as electron (2.) at the NS; interface under elimination of a Cooper pair. The
electron (2.) is again Andreev reflected as hole (3.) at the NS, interface with the transfer of a second Cooper
pair. The resulting hole (3.) can tunnel into the valence band of S;. In total 4 charges are transferred. d
Measurement of MARs from [99] together with the quasiparticle onset at 2A. The second-order process
(eVsq = A) has high differential conductance, but higher orders are suppressed.

processes at the beginning and at the end is higher if these processes are resonant with
the van-Hove singularities in the DOS of S; and S,. This leads to conductance peaks at
multiples of eV = 2A/n.

The first three MAR processes at energies eV = A, 2A/3,2A/4 are shown in figure
For n odd, the electron and reflected hole always have different energies, and the electron
ends up in the empty states of the conduction band of superconductor S,. On the contrary,
for n even, electron and Andreev reflected hole can have the same energy and the MAR
process ends with a hole in the valence band of the superconductor S; where the initial
electron originated from. In general, an MAR process of order n transports n charges
through the junction and involves n — 1 Andreev reflections. Usually, the transmission
at the NS interfaces is T, < 1, and thus higher-order MAR processes scaling with T.} are
suppressed.
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Figure 2.20.: Superconducting quantum dot in the weak coupling regime. a Differential conductance
map showing Coulomb diamonds pushed 4A apart (subfigure from [101]). b Corresponding DOS in the
semiconductor image.
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2.4.3. Induced superconductivity in quantum dots

In the previous section, we have assumed a constant DOS at the Fermi level of the normal
conductor, as it is approximately the case for many metals. However, for CNTs, electronic
transport is better modeled by a quantum dot with discrete energy levels, as described in
section The aim of this section is to extend these findings to a CNT quantum dot
with superconducting leads. The relevant energy scales are the charging energy Ec, the
quantum level spacing AE, the tunnel coupling I', and additionally the superconducting
energy gap Aﬁ The different regimes are now discussed following the review [100].

Weak coupling regime

In the weak coupling regime I' << E¢, A, higher-order tunneling processes are suppressed
and supercurrent transport cannot be observed. First-order tunneling processes dominate
in the Coulomb blockade regime and only quasiparticle transport takes place. The differ-
ential conductance in the charge stability diagram shows Coulomb diamonds where the
conducting regions are pushed apart by 4A (cf. figure [2.20). This is due to the absence of
single-particle states within the superconducting gap and in order to align occupied quasi-
particle states and free quasiparticle states, the energy |eV| > 2A needs to be suppliecﬂ
The non-constant quasiparticle DOS modulates the differential conductance and due to
the divergence in the DOS, a conductance peak occurs at +A, followed by a zone with
negative differential conductance [100]. In the case of normal conducting electrodes, we
saw that elastic cotunneling can occur if the tunnel coupling is increased and the chemical
potentials of source and drain are aligned. For superconducting electrodes, however,
due to the superconducting gap, no quasiparticle tunneling processes can occur below
leV| < 2A.

* In the experiment, a non superconducting top contact material is used (e.g. Pd or Pt) and the supercon-
ducting gap has to be replaced by a reduced superconducting gap A* at the electrode surface.

> Since in the charge stability diagram V4 is swept from negative to positive, the superconducting gap is
visible as 2 - 2A in the charge stability diagram and ﬁgure only shows the situation for Vs > 0.

47



2. Theoretical background

a N even, S=0: I;=Isin(®)

final

N
W

initial

&

7}*\

I

initial final

A AT A

i AT

Figure 2.21.: Cotunneling for even and odd electron occupation. Shown for spin degeneracy neglecting
valley degeneracy and for BCS singlet superconductors with zero spin. a For an even dot occupation two
electrons with opposite spin are in the highest shell and due to Pauli’s principle, the electron tunneling onto
the dot in the virtual process must have the same spin as the one leaving the dot. This leaves the dot’s spin
state unchanged in the intermediate state and forms a 0-junction transferring a Cooper pair without an
additional phase shift. b If the occupation is odd, in order to recombine to a Cooper pair at the final stage, an
electron of opposite spin must tunnel onto the dot in the intermediate state and the spin ordering of the Cooper
pair in the final state |/)s is reversed, leading to a phase shift of z: [¢/)s = (| [T) — | T1)) = e |¢) = —[¥);.
Such a junction is called z-junction and characterized by a reversal of the supercurrent. Adapted from [[100]
with permission from Springer Nature.

Intermediate coupling regime

The intermediate coupling regime is defined by I' ~ Ec ~ A. In contrast to the weak
coupling regime, the condition I' ~ A gives rise to a measurable supercurrent when an
energy level of the quantum dot is aligned with the Fermi level of source and drain (resonant
transport). Beyond that, when I' ~ E¢, higher-order cotunneling processes are more likely
to occur, as is also the case in the normal conducting state. In the superconducting case,
fourth-order cotunneling processes contribute to a smaller but detectable off-resonant
supercurrent, which depends on the occupation parity of the dot (cf. figure[2.21). For even
occupation, Cooper pair transfer occurs without phase shift (0-junction), while for odd
occupation, the transferred Cooper pair accumulates a phase shift of 7z, which results in an
inversion of the supercurrent (z-junction). Note that the interplay with the Kondo effect
and the fourfold degeneracy of a CNT can lead to more complicated physics [102, 103|104,
105]], which will not be discussed in this chapter.
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Figure 2.22.: Andreev bound state spectroscopy for asymmetric barriers. The ABS is pinned to the
stronger coupled superconductor S;, while the quasiparticle DOS in the weaker coupled superconductor S,
can be used as probe. By changing the bias voltage, the spike in the quasiparticle DOS in the probe can scan
the subgap of the better coupled superconductor. Conductance resonances occur when the quasiparticle
DOS matches the energy of an ABS. Inspired by [108]].

At finite bias, MARs start to emerge with increasing tunnel coupling I'. They are located at
eV = 2A/n and their intensity strongly depends on the DOS in the quantum dot, favoring
processes that pass through an energy level of the quantum dot.

Strong coupling regime

In the strong coupling regime characterized by I' > Ec and I' > A, Coulomb blockade is
absent and the addition energy is only specified by the quantum level spacing AE, and
thus more than one electron can be added to the quantum dot. The transport depends on
the ratio of Vyq and I'.

For |eViq| > 2A, Fabry-Pérot interferences can be observed for quasiparticles when AE >
I'. Below the gap (eVyq < 2A), Andreev reflections are likely to occur due to the high
transmission coefficient T,. At finite bias, the current is transported through MARs. At zero
bias, the supercurrent is mediated through ABS and manifests itself as a high conductance
line in the case of symmetric contact barriers (I ~ Ty) [106]. If the SN contacts are highly
asymmetric, the ABS are pinned to the better coupled superconductor and the weaker
coupled superconductor can be used as a probe for the dispersion of the ABS [107, /108,

97] (cf. figure [2.22).

The critical current also shows a periodic gate dependence, and is maximum when a level
in the quantum dot is aligned with the Fermi energy of the superconductors. The maximum
critical current has been calculated in [109]] for the case of equal barriers (Iy = Iy = I') and
zero temperature to

ImaX:E AT )
¢ AA+T

(2.56)
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In the limit of I' > A, this expression can be written in terms of the conductance quantum
Gy = 2€?/h, and for a spin-degenerate channel, the maximum supercurrent is also quantized
[100], similarly to the Landauer-Biittiker formalism (cf. eq. [2.12)

A
e (2.57)
e

2.4.4. Circuit description of Josephson junctions

In the last sections, we discussed the microscopic origin of the Josephson effect in SNS junc-
tions. In real circuits, the total current includes contributions from other sources beyond
the supercurrent. As we will see in the following, the essential physics of Josephson junc-
tions in the voltage state can also be modeled by classical circuit elements. This provides
an alternative simplified description that can be used to understand the measurements in
the experiment.

In the following, we consider the two limits (i) T — 0K and (ii) [eV| < 2A. In this case, the
Josephson junction dynamics is governed by the DC Josephson effect (eq. [2.47), resulting
in a supercurrent without electrical resistance at zero bias voltage and the AC Josephson
effect at finite voltage (eq. [2.48). The time oscillations in the CPR at finite bias voltage
cannot be resolved in DC measurements which detect only the time-averaged current (I).
Thus, the supercurrent for a simple tunnel junction is only given by the DC part

I; =1(¢) = L. sin(g). (2.58)

Releasing the first condition (i), at finite temperature, a part of the Cooper pairs is thermally
excited and broken up to quasiparticles. Regarding the second condition (ii), a finite voltage
can also break up Cooper pairs. Quasiparticles do not contribute to the current in the
zero-voltage state, but as soon as a finite voltage is applied to a junction, the resistive
quasiparticle current must be taken into consideration. For an SNS junction, the resistance
of the quasiparticle current is proportional to the normal state resistance of the SNS
junction [88]]

IN=—. 2.59
NS e (2:59)

In addition, there is also a capacitive effect, which arises from the two superconductors
facing each other. For an SIS junction, the capacitance can be large, but for a CNT Josephson
junction, it is typically small. A non-zero time derivative dV/dt causes a displacement
current proportional to the junction capacitance [[110]]

Ip=C—. 2.60
b=C (2:60)
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RCSJ model

The dynamics of a Josephson junction in the finite voltage state can be described by
the three contributions, the superconducting channel Ij, the resistive channel Iy and the
capacitive channel Iy, which can be modeled in a parallel junction (cf. inset in figure [2.23).
The model is called RCS]J or Resistively Capacitively Shunted Junction model [88}110]].
The second Kirchhoff’s law states
av Vv
I=h+bh+In=1(p) +C—+ —. 2.61

[+ I+ Iy = 1(9) + O+ - (2.61)
By multiplying with 72/2e and with the help of the second Josephson equation one
obtains

h n\’ n\’
2—6(1(¢)—I)+C(2—e) <25+RLN(2—6) ¢ = 0. (2.62)

For an SNS junction with arbitrary transmission coefficients T,, the CPR can be complicated
(cf. eq. [2.55). Here the focus will be on the simple case of T, < 1, when the sinusoidal CPR
is valid. With the Josephson energy

Ejo = hl/2e (2.63)

one can transform the equation to

n\. 1 (m)\ . d I

—) p+—|—| ¢+—Ep|- ~—o||=0. 2.64
o) o+ la) oo -go)) -0 oo
~— ~——

M n Epot(ﬁ”)

To the phase difference ¢ across the Josephson junction one can associate a displacement x.
Equation corresponds to the differential equation describing the motion of a particle
with mass M and damping 7 in a potential E,ot(x). With the CPR this potential takes
the form of a tilted washboard potential, where the tilt is determined by the total current I

(cf. figure[2.23p).

In this picture, when the "phase particle" is trapped inside a local minimum, the average
phase does not change (¢ = 0), and the junction is in the zero voltage or superconducting
state. When the particle runs along the slope of the washboard potential, its average phase
changes and the junction becomes normal conducting (¢ # 0). Due to the cosine shape
of the potential, the particle periodically accelerates and decelerates, and thus ¢ is not
constant, which translates to an oscillation of the voltage. With a DC measurement setup
this oscillation vanishes, and only the average voltage is detected, which is proportional to
(@). The critical current I. can be interpreted as the slope of the tilted washboard potential,
where the local minima correspond to saddle points and the phase particle is not confined
any more. Note that in the experiment, an escape of the phase particle usually occurs at a
lower current, the switching current Iy, < I, due to thermal fluctuations or tunneling of
the phase particle through the confinement potential.

51



2. Theoretical background

Q

E(p)/Eyo

Vv
b
retrace
2 Wp underdamped //
0 1 p
thermal Aol |
-2 e T I
—4 4 tunneling |
—6 | —\mLﬁng /tra'ce
—8 4 V
-10 A —l.=0 retrace
Iy b= fle overdamped /
1 INl.=05
_14_ | — =1 .
T T T T T T .
on in 2n 3n 4n 51 €
Phase ¢
: /tr;ce

Figure 2.23.: RCSJ model and I-V characteristics. a Sketch of the potential energy Ep.(¢) for different
currents (tilts). The phase particle oscillates with the Josephson plasma frequency ), and can overcome the
barrier thermally or by tunneling, leading to a switching current lower than the critical current. At = I,
the potential barrier has vanished and the phase particle can roll down the energy landscape. The inset
shows the lumped circuit considered in the RCS] model. b Two limiting cases of the RCS] model. In the
underdamped case fc > 1, there is a hysteresis between trace and retrace, while in the overdamped case,
the trace and retrace overlap. The normal state resistance is shown in dashed grey.

Before discussing I-V characteristics within the RCSJ model (eq. [2.64), we will define some
characteristic quantities [110]).

52

Josephson plasma frequency wp: In the limit of n — 0, I — 0, the phase difference
¢(t) oscillates within a local minimum of the tilted washboard potential. Eq.
becomes the differential equation of a harmonic oscillator with the characteristic

frequency
2el.
wp =1/ ok (2.65)

Characteristic frequency w.: The superconducting channel of a Josephson junction
has a nonlinear inductance L = L./cos(¢) (here for a tunnel junction CPR, which
can be derived by time derivation of the CPR[2.47|and insertion of eq. with
L. = h/2el.. The characteristic frequency is defined as the frequency corresponding
to the junction voltage at the transition from superconducting to normal conducting
state V. = I.RN

2e
=— =—V.. 2.66
we=-=gV (2.66)

Stewart-McCumber parameter fc [111, [112]: This is a dimensionless parameter
defined as the square of the quality factor Q, and therefore a suitable parameter to
discuss different damping scenarios

W¢

2
_ | =< _ % 2 _ 2
pc = (wp) = - LRYC = Q" (2.67)
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An underdamped junction f. > 1 corresponds to large C (mass) or large Ry (low
friction) and an overdamped junction . < 1 to low C or low Ry. In the overdamped
junction regime, the displacement current is negligible, and the RCSJ model can be
analytically solved.

In the following, the RCSJ model will be used to explain the I-V characteristics (cf. figure
[2.23p). The starting point is at I = 0 and the current corresponding to the slope of the
potential increased. At I > I, the phase particle can escape and roll along the slope of the
tilted washboard potential, the junction enters the finite voltage state. The exact shape
of the I-V curve around I, depends on f, but for I > I, the normal state resistance is
recovered. In the overdamped case in the finite voltage state (I > L), the average voltage

calculates to [88]]
(V) = Ry I2 - I3, (2.68)

During the retrace (decrease in current), the slope is reduced and for I < I a potential
barrier emerges. It depends on . when the phase particle is retrapped, and the junction
returns to the superconducting state. In the overdamped case, the kinetic energy of the
phase particle is quickly reduced since the friction term dominates the mass term and
the inertia of the phase particle. The phase particle will be trapped directly at the critical
current, and the I-V curve does not exhibit hysteresis. The situation is fundamentally
different for the underdamped case (large mass/inertia and low friction), where the kinetic
energy is sufficiently high to overcome the potential barrier and the phase particle is
re-accelerated after each barrier. As a result, the phase particle is trapped and returns to
the superconducting state at a much lower retrapping current I, < I.. The I-V curve in
the underdamped case exhibits a hysteresis between trace and retrace. The value of the
retrapping current can be expressed in terms of f. and I (neglecting thermal fluctuations)
as [113]]

4]
I = < (2.69)

T ﬂc'

2.4.5. External microwave radiation on Josephson junctions

It has already been discussed that the AC Josephson effect leads to an oscillation of the
current when a finite bias voltage is applied (cf. eq. [2.48). If an additional AC voltage is
applied by irradiating the junction with microwaves, voltage plateaus in the time averaged
I-V characteristic can occur, the so-called Shapiro steps [114]. The voltage applied to an
irradiated Josephson junction is given by

V = Vpc + Vac cos(wt). (2.70)

The phase difference ¢(t) can be calculated with eq.

2eV; 2eV,
DC e+ AC

h how AC
N———
wo

(1) = @o + sin(wact). (2.71)
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This expression can be inserted into the CPR. For a sinusoidal CPR (eq. and the Bessel
functions of first kind J,,, we obtain the following supercurrent [88, 89

B0 =1 D5 (1) 52 sin( (o0~ nnc)t + o). @)

A DC contribution of the Josephson current only exists when the time oscillating part
vanishes, wy = nwac, which is equivalent to

Vbc = nhwac/2e. (2.73)

This contribution leads to current spikes in the I(V) characteristic or to plateaus in the
V(I) characteristic whose width is given by [88]

2eV,
]”(he AC) sin(¢o)
WAC

The Bessel function contains the amplitude of the AC drive V¢, and therefore, the current
spikes have a characteristic power dependence, as shown in figure . For a CNT
Josephson junction in the overdamped regime, this power dependence has been measured

in [115] and data are shown in figure [2.24d.

(In(t)) = 2L

. (2.74)

In figure [2.24b, the I-V characteristic of an overdamped junction is presented. The spacing
between the current jumps is given by eq. and the height by eq. In the case of
an underdamped junction, the I-V characteristic shows hysteretic behavior between the
current steps.

The existence of Shapiro steps can be explained by a locking of the change in phase
difference to the externally applied RF frequency. This can be nicely illustrated within the
RCSJ model for an overdamped junction [[110] (cf. figure [2.24p). RF irradiation induces
an alternating current with small amplitude Ixc that modulates the slope I of the tilted
washboard potential around its DC value Ipc.

If Inc is chosen close to I, the alternating current Ipc determines whether the phase
particle enters in a rolling state or stays trapped, and therefore has a direct influence on the
phase dynamics. The motion of the phase particle can be synchronized with the frequency
of the RF drive, in a way that during one cycle of the RF drive the phase particle rolls down
n minima (cf. figure [2.24h). The corresponding phase change equals to

¢ = nwac (2.75)
and with the second Josephson equation, the average DC voltage calculates to

ha) AC

(V)=n 2e

(2.76)

which is exactly the voltage condition for a non-vanishing average Josephson current from

eq.[2.72
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Figure 2.24.: Josephson junction under microwave irradiation. a An AC current drive periodically
modulates the slope of the tilted washboard potential. Inset: When the RF drive is synchronized with the
motion of the phase particle, the particle rolls down n minima during one RF oscillation (only schematic).
b Current-voltage characteristic of an irradiated Josephson junction in the overdamped regime, showing
Shapiro steps at fixed voltages. The voltage steps are quantized. The dashed line shows the junction behavior
without RF (figure from with data from [[117]). ¢ Power dependence of the first three Bessel functions
of first kind. d RF power dependence of the Shapiro steps measured in a CNT (with current drive instead of
voltage drive, upper: data, lower: simulation for the overdamped regime with I — 0, subfigure from [[115]).
Blue areas mark Shapiro steps with widths given by the Bessel function behavior from c. The first steps are
indicated.

2.4.6. SQUIDs

A Superconducting QUantum Interference Device (SQUID) consists of an electric circuit
with one or more Josephson junctions in a closed superconducting loop. In this thesis,
we investigate a DC-SQUID which consists of two Josephson junctions that are DC-wise
connected to the measurement electronics. As mentioned in the introduction chapter|[1] a
DC-SQUID can be conceived as the superconducting analogue of a double-slit experiment.
Instead of electromagnetic waves diffracted at the two slits and interfering on a distant
screen in position-space, the supercurrent described by the macroscopic phase difference
across the two Josephson junctions shows an interference pattern. A SQUID combines the
two fundamental phenomena, (i) the Josephson effect and (ii) the fluxoid quantization in a
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Figure 2.25.: Schematics and critical current of a DC-SQUID. a The two Josephson junctions of the
DC-SQUID are formed in a single suspended CNT. An external field H, is applied perpendicular to the
SQUID loop and the flux threading the loop can only be multiples of the flux quantum ®,. b Critical current
dependence on the external flux (cf. eq. for asymmetric critical currents: I.; = 0.751;.

superconducting loop, i.e. the flux ® penetrating the superconducting loop can only be
multiples of the flux quantum @, = h/2e. This flux quantization has its origin in the phase
of the macroscopic wave function, which has to be continuous and can only change by
multiples of 277 along the closed loop (95 Vodl = 27n, n € Ny).

In the following, the dependence of the current through the SQUID as a function of the
external applied flux ® will be derived. For this, a device geometry as in figure is
considered. The current enters the device at a source electrode, splits and propagates
through the two Josephson junctions in parallel with critical currents I.; and I, and phase
differences ¢; and ¢, and leaves the device via a drain electrode.

Application of second Kirchhoff’s law allows to describe the Josephson effect (i) for the
system (assuming a tunnel junction CPR, T, — 0)

I=L+1 =1, sin((pl) + 1 Sil’l((pz) (277)
The fluxoid quantization (ii) implies for an external applied flux ®ey; [88]]
27 d
o1 — @y = 27 + (2.78)
Do

This relation can be inserted into eq. to obtain the external flux dependence of the
supercurrent. The maximum supercurrent (or the critical current of the SQUID) is given
by [[118]

I. = \/(Icl - ICZ)2 + 4l COSZ(”q)ext/q)O)- (2-79)

For the special case of two identical Josephson junctions (I;; = Iz = L) this expression
reduces to the pure cosine relation similar to the double-slit experiment

T Dext

I = 21

cos (2.80)

0
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The critical current of the SQUID has its maximum when &,y = n®d,, and the two currents
I, and I, interfere constructively. A minimum occurs for destructive interference (Pext =
(2n + 1)®,/2). The critical current of the SQUID goes to zero for a symmetric SQUID or is
reduced to the difference of the critical currents of the two junctions for an asymmetric
SQUID.

Note that in the discussions here the inductance L of the SQUID loop has been neglected,
which adds to the external applied flux as ®; = L(I; — I)/2. To estimate the inductance
contribution, the screening parameter ff; = 2LI./®, is introduced [119]. It describes the
ratio of the maximum circulating current I; = —I, to the corresponding trapped flux &,/ ZEI
In the case of CNTs, the critical current is on the order of 100 pA to ~ 10 nA, and therefore,
L. < 1 and the inductive effects due to the circulating current are negligible. Beyond that,
CNT nano-SQUIDs allow one to tune the gate voltage below each weak link independently
and to adjust the critical current, enabling the construction of a symmetric SQUID with
higher flux modulation and sensitivity.

SQUID sensors

The oscillations of the critical current of a SQUID as a function of the external applied flux
Oyt = BA penetrating the SQUID area A have a periodicity given by the flux quantum
®y = 2 X 1071 Vs. It is this small flux scale that provides the high sensitivity of SQUID
Sensors.

In general, SQUID sensors are operated in the overdamped regime (to avoid hysteresis)
and in the voltage state (I > I.; + I). In the zero-voltage state, the supercurrent would
need to be gradually increased and only once the SQUID reaches its critical current I,
(detected as a jump in dV'/dt) a data point I.(®eyt) can be acquired. For an overdamped
SQUID in the voltage state, the average voltage is given by (cf. eq.

(V(®ext)) = RV (1/2)2 + (I((Pext) /22, 1> L. (2.81)

The voltage is also periodically modulated by ®¢y, which can be seen when inserting eq.
[2.79]into eq. The highest sensitivity is reached when the first term in the square root
of eq. [2.81]is minimum, which is fulfilled for I = I. + ¢, €/l < 1.

To measure a signal with a SQUID, a pick-up circuit is commonly used, which converts
a signal to a flux and the flux can be coupled into the SQUID [120} 121]]. The SQUID is
used as a flux-to-voltage transducer, where the voltage is measured with some readout
electronics. The signal could for instance be a magnetic field for magnetometer application,
but also a current or voltage for amperemeter or voltmeter applications.

¢ This is not the current from source to drain, which is minimum for this flux, but the current circulating in
the loop itself, which generates the additional flux contribution.
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Figure 2.26.: Measurement of the magnetization change of single-molecule magnets. a A micro-
SQUID is ideal for measuring the magnetization change from a molecular crystal with similar dimensions
as the SQUID electrodes, the flux overlap with the SQUID loop is large. From [[118]].b For SMMs, the flux
coupling for a micro-SQUID would be too small. A CNT, however, with comparable diameter integrated in a
nano-SQUID can provide a good flux coupling between a SMM and the SQUID loop.

SQUID as sensor for magnetic molecules

In our group, we are interested in using the SQUID technology for the detection of the
magnetization reversal of a single-molecule magnet (SMM) or crystals of SMMs. Due to
the small dimensions of the submicrometer-sized samples, the flux coupling is too small in
a setup where the flux is picked up in an external circuit. The coupling can be improved
by a direct coupling of the magnetic sample to the SQUID loop without a pick-up circuit,
e.g. by placing a molecular crystal on a planar micro-SQUID [[118] or evaporating single
molecules on a CNT nano-SQUID [32].

The magnetization change due to the reversal of magnetic moment AM translates into a
change of the flux A® threading the SQUID loop that depends on the flux coupling, i.e. a
measure of how well the stray field of the magnetic sample penetrates the SQUID loop.
A few examples are shown in figure where a micro-SQUID can be used to detect
magnetization reversal of a molecular crystal with a rather large magnetic stray field,
penetrating the SQUID loop efficiently. However, when an SMM is placed on a micro-
SQUID, the stray field penetrating the SQUID loop is too low to be detected. A natural
solution is based on decreasing the junction diameter by using a CNT in a nano-SQUID
with a diameter comparable to an SMM. In [[118] the signal A® due to the magnetization
reversal of a Mn;; SMM is estimated to be on the order of 10~#®,, which is larger than the
sensitivity of a nano-SQUID of 107°®, [32].
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Figure 2.27.: SQUID measurements. a Measurement principle for direct switching current measurements.
b Threshold detector at the working point close to the transition to the resistive state (marked in orange)

Measurement principle

The measurement principle differs from the standard SQUID measurements explained
in the previous chapter [118]. Since the magnetic field applied to the magnetic molecule
can also couple to the SQUID loop, the application of high magnetic fields is limited to
the SQUID plane. A standard measurement in the finite voltage state would permanently
heat up the SQUID and the sample, which is undesired. Therefore, measurements are
performed mainly in the zero-voltage state where the magnetic flux dependence of the
switching current (eq. is probed. A magnetization reversal of the magnetic molecules
changes the flux ® through the SQUID loop and the switching current I, (®), which can
be detected using the following two methods (cf. figure [2.27).

« Direct switching current measurement: Here, the SQUID current is set close to
the switching current I = I, — € and periodically ramped above I,. Each time
when I > I, a finite voltage is detected dV /dt # 0 and to avoid excessive Joule
heating the current is directly reduced below I, and a new cycle is restarted. A
more precise measurement of I, can be achieved when synchronizing a clock
with the switching current ramp and converting the time when dV/dt # 0 to the
corresponding switching current.

« Threshold detector ("cold" mode): The detection mechanism in the former method is
based on periodically entering the dissipative, finite-voltage state of the SQUID which
leads to undesired Joule heating. Using the SQUID as a threshold detector allows
one to permanently stay in the zero-voltage state close to the switching current, and
only when a magnetization reversal of the molecules occurs, the flux through the
SQUID changes. If a suitable working point is chosen, the SQUID enters the normal
conducting state, and a finite voltage is measured.
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2. Theoretical background

2.5. Coupling nanomechanics and superconductivity in
suspended CNTs

Apart from measuring single-molecule magnets, the platform of a suspended CNT-SQUID
could also be used to investigate the interplay between mechanical displacement of the
CNT resonator and the Josephson effect in the CNT weak link. Two coupling mechanisms
have been suggested, a capacitive coupling due to the Coulomb force between the CNT
and the gate, which is expanded by an additional Josephson force in the case of proximity-
induced superconductivity [33,/122], and an inductive coupling due to the Lorentz force in
an applied magnetic field [123,/113]]. The purpose of this section is to discuss possible ideas
for studying the interplay between nanomechanics and superconductivity in suspended
CNTs.

2.5.1. Capacitive coupling

The actuation and read-out mechanism for normal conducting electrodes has been dis-
cussed in chapter We recall the different contributions from eq. in the limit of a
weak drive VgAC < VgDC for the oscillation amplitude u. There is a static force that pulls
the CNT to the gate and can tune its resonant frequency

oC (VDC)Z
FC=—2_% (2.82)
au 2

and an AC force Féc(t) = FQC cos(wt) due to the oscillating RF voltage at the gate with
amplitude

Fp¢ = ngDCVgAC. (2.83)

Josephson force

In the case of superconducting electrodes another force term emerges, which is discussed in
detail in [33,/122] and called Josephson force due to its dependence on the superconducting
phase difference ¢ across the Josephson junction. The total Josephson energy is defined as
the energy stored in a Josephson junction in the zero-voltage state and depends on the
phase difference ¢ and the charge g on our quantum dot. With eq. [2.63]it can be expressed
as

h
Ey(q. ¢) = Ep(q)(1 - cos(g)) = -~L(q) (1 - cos(¢)). (2.84)
The total Josephson energy depends on the critical current, which for a CNT quantum

dot depends on the induced charge. The charge itself depends on the capacitance that is
modulated when the CNT oscillates, and therefore, the Josephson energy is sensitive to the
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2.5. Coupling nanomechanics and superconductivity in suspended CNTs

CNT displacement. The corresponding Josephson force can be calculated as the gradient
of the Josephson energy F; = —VEj, which for us is only non-zero along the polarization
axis of the mechanical bending mode u. We can therefore write the Josephson force as

_dE(q.9) _ 9E(q.9)dg _ 9Cq nc9Ei(q.9)

F= = -
! du dq du ou & aq

(2.85)

The structure is analogous to eq. when we associate the term 9Ej(q, ¢)/dq with an
AC drive voltage VgAC. However, the time dependence of the Josephson force depends on
the phase dynamics and not on an external drive voltage.

Potential measurement schemes for the Josephson force

The Josephson force has only been theoretically proposed [33] and has not yet been
experimentally observed. In [[122] potential signatures of the Josephson force have been
measured, but the superconducting phase could not be changed, and thus the phase
dependence of the Josephson force could not be probed. Here, we will focus on one
potential measurement; for more proposals see [33].

A potential measurement scheme could be based on the phase dependence of the Josephson
force. We assume a constant phase bias, and the Josephson force can be considered as a
static force that acts on the CNT in addition to the static gate force Fgc. It modifies the
tension in the CNT and shifts the resonant frequency by [33]

F(p) Ejo
Awo(p) ~ wo Fgc ~ o eVgDC cos(¢). (2.86)

The frequency shift depends on the superconducting phase that can be controlled in a
CNT-SQUID in a four-point current-biased setup. The frequency shift depends on Ejy, and
therefore the magnitude of the critical current. Hence, it is favorable to have the highest
critical current possible to measure the frequency shift. In principle, we could follow the
protocol:

1. Left junction in the "on" state: The biasing current is swept and the gate voltage
of the left gate is stepped and we measure the voltage drop across the left junction
of the SQUID (right junction is in the "off" state). The left gate voltage is set to
obtain maximum critical current and a sharp transition between superconducting
and normal conducting state.

2. Right junction in the "on" state: The measurement is repeated for the right gate
voltage with the left gate voltage tuned according to (1). The right gate voltage
is chosen to obtain a maximum and sharply defined critical current and the two
junctions of the SQUID in the "on" state.

3. Finding the mechanical resonance: The current is swept at fixed gate voltages, cf.
(1) and (2), and the applied RF frequency is stepped, and we measure the voltage
drop across the SQUID. Hitting the resonance frequency should modulate the gate
capacitance, and the critical current should depend on the frequency.
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2. Theoretical background

4. Probing the phase dependence of the resonance: To distinguish from the gate forces
F?C and Fgc, the resonance frequency must be analyzed as a function of ¢. If the
mechanical resonance depends on the Josephson force, it should shift following eq.
The phase can be changed by applying a magnetic field perpendicular to the
SQUID plane, e.g. repeating measurement (3) for different magnetic fields. However,
note that a change in ¢ will also affect the maximum supercurrent according to the
flux dependence of the SQUID I.(®Pext) (cf. eq.[2.79), and thus only the frequency of
the mechanical resonance can be compared.

2.5.2. Inductive coupling

The inductive coupling is based on driving the resonator by applying a magnet field and
exploiting the Lorentz force when a DC current flows through the resonator. The general
model has been theoretically studied by [123,|124, 113]]. We will now review the model
and derive the coupling mechanism following [125, [126].

Model for inductive coupling

The device consists of two superconducting electrodes connected via a suspended weak
link (e.g. a CNT) forming a nanomechanical resonator of length L (cf. figure[2.28). The
junction is current-biased by a DC current I in x-direction and an in-plane magnetic field
is applied in y-direction. The CNT can oscillate in the z-direction in the fundamental
transverse bending mode with deflection u. The current and the CNT oscillations are
coupled via the Lorentz force mediated by the in-plane magnetic field in two different
ways. First, mechanical oscillation can modulate the current and redistribute the current
over the different channels of the RCSJ model. Second, an AC current through the junction
can lead to mechanical oscillations in the CNT.
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Figure 2.28.: Model for the inductive coupling from [113]]. a Geometry, b Frequency matching condition
on the decreasing current sweep.
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2.5. Coupling nanomechanics and superconductivity in suspended CNTs

With respect to the electrical part, the changes in current arising from mechanical oscilla-
tions can be calculated under the approximation of a uniform displacement of the weak
link. The normal current density is given by

ON Q du
= E+vXxB)=—|=-BL 2.87
= ax(e v = P (€ e, @)
Here, oy denotes the normal metal conductivity, E = Q/(CL)ey the electric field across
the weak link due to charge accumulation Q at the superconductor weak link interface
and e,y , unit vectors in x, y, z-direction. The voltage drop across the junction is given by
V= / Edl = Q/C. The normal current can be expressed as

L (2.88)
RN dt

The applied magnetic field B = Bey modifies the superconducting phase ¢ — ¢ — 2e/% f Adl
where the vector potential can be chosen as A = Bue, and the integration is along the
length L of the weak link.

This results in a modified second Josephson equation (cf. eq.

dp 2e du
—=—|V-BL—|. 2.89
w7 (v -ng) e
With eq. and[2.88] assuming a sinusoidal CPR eq. and using eq. [2.89 we obtain
I= IJ +Ip+ 1IN (2.90)
_Lsin(e)+ e+ L (v o pr (2.91)
= I sin(¢p TR m :

hode hCde CBL@

+ — + . 2.92
2eRy dt  2e dr? de? (2.92)

= I sin(p) + ——
Eq. only differs from eq. of the RCSJ model without magnetic field by the last
additional current term, absorbing the coupling between nanomechanics of the weak link
and the I-V relationship of the junction. When the weak link oscillates at resonance,
this last term oscillates with the resonance frequency w, and can be considered as an AC
current which could potentially be measured as plateaus in the I-V characteristics of the
junction at Vj = fiwy/(2e) in analogy to Shapiro steps.

For the mechanical motion on the other hand, the Lorentz force acts as external force
driving the resonator F = Bl.gL. The current Ig, which has to be taken into account,
differs from the previously defined current I in eq. since the displacement current
does not flow through the weak link and only emerges from charge accumulation at the
interface between superconductor and weak link. The magnitude of the Lorentz force
acting on the resonator is given by

F = BL(I. sin(¢) + Iy) (2.93)
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and can be inserted in eq.
u(t) +yu(t) + a)gu(t) + au’(t) = BL(I. sin(g) + Iy). (2.94)

The coupled differential equations are solved in [[113]] and discussed in detail for
different couplings.

Experimental feasibility

In this section, a realistic parameter check will be performed to discuss the experimental
feasibility of the proposal. The key of the proposal, the driving of motion in the weak
link relies on an alternating current L () through the CNT. Otherwise, the Lorentz force
would only act as a static force. Since Lg(t) = I;(¢) + In(¢), the addition of the Josephson
and normal current should not cancel the oscillating time dependence. In an overdamped
junction, however, the oscillating Josephson current is mainly compensated for by the
oscillating normal current, while the displacement current is approximately DC. We should
therefore be in the underdamped regime, where the Josephson current is compensated
by the displacement current and the normal current approximately DC [126]]. Then the
effective current in eq. passing the junction and the Lorentz force acting on the
junction oscillate in time, which enables the driving mechanism.

The condition for mechanical resonance requires the supercurrent frequency to match the
mechanical resonance frequency d¢/dt = (V) = fiwy/(2e), and thus the junction needs to
be operated in the finite voltage state. The minimum frequency at finite voltage is given
by the characteristic frequency w. = 2eRxI. /%, which for a typical junction with a CNT
with minimum Ry = 6.5kQ and I. = 1nA, calculates to w./27 = 3.13 GHz. This value
has to be compared to the mechanical resonance frequency which can be estimated to
fo ® 313 MHz, and therefore, the ratio wo/w. ~ 0.1 is similar to [113]. The conclusion
is the same as in [113], the condition cannot be fulfilled on the increasing current path
and could potentially be valid for the decreasing path for a hysteretic junction where
the retrapping current I, = 41/ (n\/E) < I.. The condition to observe the mechanical
resonance on the decreasing current path translates to

2
L 2gp s (i&) & B 2 100. (2.95)
I. . T Wy

Although it is suggested in [126||125] that this value of f. is in experimental reach, our
underdamped junctions have a . on the order of < 10. It is further proposed that a shunt
capacitor could be added in parallel to the junction to increase f.. However, the main
limitation is the voltage (V) = 7w,/ (2e) that matches the resonance frequency. For a
resonance frequency of 313 MHz it would only be 1.3 uV which would be very challenging
to measure. In conclusion, a direct realization of this proposal in [[113] is beyond the
state-of-the-art.
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In this chapter we will focus on the core of our device, the carbon nanotube, and discuss
how we produce CNTs. We will review the synthesis process and present the experimental
setup in the first part. The second part of this chapter contains the analysis of the properties
of the CNTs which are later on used in the experiments.

3.1. Chemical vapor deposition of CNTs

Carbon nanotubes were synthesized for the first time in 1991 [2] using the so-called
arc-discharge method. Here, carbon atoms are evaporated by applying an electric arc
between two graphite electrodes [127,128] and the carbon gas can then crystallize into
carbon allotropes, including CNTs. An alternative method is laser ablation, where the
energy required for the evaporation of carbon is supplied by a laser [129,130].

In contrast to carbon deposition from the gas phase, the synthesis method used in this
work is chemical vapor deposition (CVD), which is based on the thermal decomposition
of a hydrocarbon vapor at metal catalyst sites [131]. This method has multiple benefits
compared to arc-discharge or laser ablation. First of all, it is a technically simple and
low-cost method with a high yield of single-walled CNTs and high purity [131]. Second,
the influence of the growth parameters (such as temperature, gas flow and composition
and the type of catalyst) allows to easily modify the properties of the synthesized CNTs
[132]]. Lastly, for our application, the nanoassembly of CNTs, it is desired to synthesize
CNTs at predefined positions to be able to transfer them onto our circuit chips. Because
CNTs only grow from catalyst particles, the positioning of the catalyst allows local growth
of CNTs on predefined sites.

3.1.1. Principle of chemical vapor deposition

Chemical vapor deposition requires a steady supply of a carbon source in the gas phase
(precursor) and elevated temperatures between 600-1200 °C, as well as catalyst particles
for the chemical reactions to occur efficiently [[131]]. For this purpose, the substrate on
which to grow CNTs is commonly placed inside a quartz glass tube that can be heated by
a surrounding radiative oven.
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Figure 3.1.: CNT growth processes. Three steps are involved in the vapor-liquid-solid process (VLS) (a,b,c)
or vapor-solid-solid process (VSS) (a,d,e) process in the case of tip-growth. Details see text. Figure adapted
from [[132]] with permission from John Wiley & Sons - Books.

CNT growth mechanism

The most generally accepted mechanism for CNT growth can be described by the vapor-
liquid-solid (VLS) process [133, 134], comprising the following intermediate reactions
involved in the growth process (cf. figure [131}[132].

(a) Adsorbation of precursor gas with carbon (e.g. methane) on the hot catalyst surface
and dissociation into elementary carbon and hydrogen species.

(b) Dissolution of the carbon atoms in the bulk of the catalyst nanoparticle, diffusion
into the catalyst and formation of a metastable carbide.

(c) Saturation at the carbon solubility limit, nucleation and precipitation of solid carbon
on the other side of the catalyst nanoparticle, crystallizing into a nanotube. The
formation of a carbon nanotube is energetically stable due to the absence of dangling

bonds.

The whole mechanism is continuously driven by a temperature gradient in the nanopar-
ticle [131]. This gradient occurs due to the different reaction kinetics in hydrocarbon
decomposition and carbon crystallization because the hydrocarbon decomposition is an
exothermic process releasing heat, while the carbon crystallization is an endothermic
process absorbing heat. The process is stopped when the continuous supply of carbon is
interrupted. For instance, this occurs when the catalyst nanoparticle is covered by a thin
layer of carbon.

Another growth mechanism that has been suggested is the vapor-solid-solid (VSS) growth,
where the second step differs compared to the VLS process (cf. figure[3.1d). Here, instead of
dissolving into the catalyst, carbon only diffuses along the surface before precipitation. The
proponents of this mechanism highlight the lower activation energy for surface diffusion
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3.1. Chemical vapor deposition of CNTs

compared to bulk diffusion. Which of the two mechanisms occurs also depends on the
type of catalyst and the growth temperature [132].

For both mechanisms, we can further differentiate between two cases, depending on the
interaction strength between the catalyst particle and the substrate. In the case of weak
interaction, the catalyst detaches from the substrate and the CNT starts growing from
the tip, with the catalyst moving upward at the tip of the CNT (tip growth). On the other
hand, in the case of strong interaction, the catalyst particle adheres to the substrate and
remains in its original position, and growth is initiated from the bottom of the CNT (base
growth) [131,|135]. Unfortunately, in this work, we could not identify which one of the
two mechanisms prevails in our growth.

After initiation, the CNT growth is influenced by two flows. The growth direction is mainly
guided by the horizontal gas flow direction. However, there is a second less obvious vertical
flow in the CVD oven. The substrate usually has a higher temperature compared to that
of the freshly entering precursor gas. This temperature gradient results in a vertical gas
density gradient that initiates a convection flow lifting the CNT (buoyant effect) [136,(137].
The ratio of the two gas flows depends on the horizontal gas flow and the temperature in
the oven. In the case of tip growth, the catalyst particle can fly like a kite in the wind and
collect precursor gas efficiently (kite mechanism), which can result in a rapid growth of
single-walled CNTs up to 18.5 cm [138]].

Role of the catalyst

The decomposition of methane is thermodynamically favored at temperatures above
900 °C [139]. With the use of catalyst, the decomposition temperature can be reduced to
600 °C, but the reaction rates are too slow, and therefore, temperatures above 850 °C are
commonly used [132]. The key function of the catalyst is hydrocarbon dissociation and
carbon solubility [140]. Transition metal catalysts (in this work iron) are commonly used
due to their partially filled 3d orbitals, which can pair with the carbon radicals formed
during hydrocarbon decomposition. When the catalyst has a high carbon solubility and a
high carbon diffusion rate, carbon can dissolve into the catalyst nanoparticle efficiently
[131]. In addition to iron, we add molybdenum to the catalyst. Molybdenum can promote
the aromatization of methane at elevated temperatures. Since the iron and molybdenum
sites are in close proximity, it is argued that aromatic species from the molybdenum sites
can directly promote growth at the iron sites [[141].

The size of the catalyst nanoparticle is crucial and is a result of the preparation process,
but it is also influenced by the temperature during the growth process [132]. The melting
temperature depends on the diameter of the nanoparticle [140], and thus the size determines
whether the catalyst is in a liquid or a solid state at the growth temperature. Furthermore,
the size of the CNT cap in the nucleation process depends on the catalyst size, resulting
in a correlation between the catalyst size and the nanotube diameter. Smaller diameter
nanoparticles are too active, dissolve carbon too fast, and when nucleating, a continuous
thin layer of graphite will form around the nanoparticle. This interrupts the carbon
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supply, and thus no CNT can grow anymore (catalyst poisoning). On the other hand,
nanoparticles with too large diameter reduce the hydrocarbon decomposition and do not
provide sufficient carbon for the nucleation and growth of CNTs [142].

The metal catalyst is usually not applied directly on the substrate and a metal oxide catalyst
support is used (in this work alumina Al,O3). Due to the strong interaction between the
catalyst and the metal oxide support [141], the metal catalyst can be stabilized, which
prevents the coalescence of the nanoparticles during growth [143]]. This is essential to
maintain the optimum diameter of the nanoparticles required for an efficient growth. In
addition, the support allows the distribution of the catalyst particles to be adjusted by
simply varying the size or density of the support [132].

Apart from the precursor methane as carbon feedstock, we also add hydrogen to the gas
flow for two reasons. First, the catalyst nanoparticles are usually exposed to air before
being transferred into the CVD oven and quickly oxidized. Hydrogen gas can reactivate
the catalyst by reducing the metal oxide to pure metal [131]. Second, hydrogen prevents
nucleation of carbon species on the catalyst surface, which can lead to the formation of a
carbon layer around the catalyst (catalyst poisoning) and growth inhibition [[135]|144]].

3.1.2. Setup and process flow
Cantilever chip

We use special cantilever chips to transfer the CVD-grown CNTs onto circuit chips using
our nanoassembly technique. It is a custom design fabricated by Micromotiv A schematic
of a cantilever chip is shown in figure This silicon chip consists of a 3mm X 3 mm
support to allow easy chip handling and a comb of 500 pm long cantilevers which is
attached to the support. We aim for a high number of suspended CNTs between pairs of
cantilevers, which should preferably grow close to the tip since we can only transfer CNTs
from the top 20 um.

CVD oven

We use a CVD ove with a heating zone of about 15 cm (cf. figure . The oven encloses
a 2.5 cm diameter quartz glass tube, which serves as a reaction chamber. In addition to
methane and hydrogen, argon is used as an inert gas to flush the tube, vent the reaction
chamber, and during heating to reach the growth temperature. On the right side of the
tube at the inlet, the gas flow enters and can be adjusted by three mass flow controllers
(MFC), one for each gas. The outlet on the left is connected to a scroll pump, which can
evacuate the reaction chamber to about 10~ mbar. The cantilever chips are loaded via a
top loadlock onto a quartz arm which can be slided into the reaction chamber to position

1 Micromotive GmbH, Carl Zeiss Str. 18-20, 55129 Mainz
2 Carbolite Gero 3000, Carbolite Gero GmbH, Hesselbachstr. 15, 75242 Neuhausen
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3.1. Chemical vapor deposition of CNTs

Figure 3.2.: Overview of a cantilever chip. The scanning electron micrograph shows CNTs suspended
between white cantilevers. Scale bar: 10 um. From .
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Figure 3.3.: Image of the CVD oven in an opened position. Details see text.
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the cantilever chips inside the heating zone. At the front (side loadlock) a vacuum transfer
arm can be connected to unload the cantilever chips after the growth and to transfer them
to the scanning electron microscope for pre-characterization.

Process parameter

A detailed description of the growth recipe is given in the appendix Here, we only
give a brief summary of the growth parameters.

« Catalyst: Fe(NOs)s - 9H,0, MoO; as active catalysts in a proportion of ~ 8 %-at. Mo
similar to [145]. Alumina (Al,Os3) as catalyst support. IPA is used as a solvent. The
cantilever chips are dipped in a catalyst dilution (and IPA) and blow dried.

« Temperature: Standard oven temperature 880 °C. Low number of suspended CNTs
below 860 °C and too much amorphous carbon at >920 °C. Note that the exact
temperature in the oven is unknown.

« Gas flow: 75 sccm CHy4 and 50 sccm Hy (low flow) or 600 sccm CH,4 and 300-200 sccm
H, (high flow).

+ Growth duration: 15 min.

« Position in the oven: Cantilever chips are oriented perpendicular to the flow direction
(i.e. in figure 3.2/ the flow goes from right to left) and are positioned in the last third
of the heating zone.

3.2. Techniques for analyzing the CNTs

In our experiment, we probe the electronic transport of our CNT devices. The transport
properties strongly depend on the structure of the individual CNT. Instead of relying on
room temperature and cryogenic temperature electronic transport measurements, it is
more convenient to directly characterize the properties of the CNTs before integration
into electric circuits. This section is dedicated to a pre-characterization of the grown CNTs
which is required to evaluate and optimize the growth process. We are mainly interested
in the following information:

« Ratio of number of single-walled with respect to multi-walled CNTs

« Ratio of number of single tubes with respect to bundles of tubes

« CNT diameter

+ Contamination with amorphous carbon

+ Contamination by electron beam induced hydrocarbons during pre-analysis with
scanning electron microscopy.
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Characterization techniques

Among the many methods for investigating CNTs, atomic force microscopy can be used
to determine the diameter of the tubes, but it is limited to CNTs lying on a substrate and
cannot be applied on our suspended CNTs [146]] and is disregarded. Scanning electron
microscopy can be used to detect the position of CNTs and to estimate their density [147]).
We typically employ this method to select the CNTs and align them during the transfer
onto the circuit chip. Raman spectroscopy is another option to determine the diameter
and defects of individual CNTs based on vibration modes [42]. The last method used in
this work is transmission electron microscopy (TEM), which directly gives us information
on the structure of the CNT [2]. The advantages and drawbacks of the different methods
are opposed in the following:

Scanning electron microscopy:

+ Simple and fast characterization based on contrast in e-beam imaging (larger diameter,
potential contamination or multiple tubes (bundles, multi-walled CNTs) have a higher
contrast than small diameter, clean, single-walled CNTs).

+ Possible directly on cantilever chips.

- No characterization of the internal structure possible.
- Electron-beam induced contamination. E-beam exposure leads to the hydrocarbon
deposition from the remaining species in the vacuum chamber.

Raman spectroscopy:

+ Simple characterization under ambient conditions. On the basis of the Raman shift
phonon modes can be extracted, yielding precise information on the structure of the
CNT (e.g. semiconducting/metallic CNT, defects, and CNT diameter).

+ Possible directly on cantilever chips.

+ The number of radial breathing modes (RBM) allows to differentiate between bundles
or multi-walled CNTs, and potentially single-walled CNTs showing only one RBM

- No differentiation between multi-walled CNTs and bundles possible.

- High signal only when the resonance condition between the incident laser energy
and electronic transition is fulfilled. In a non-resonant process, it is easy to miss
some modes and information. Potential single-walled CNTs can therefore still be
bundles with additional CNTs that do not show RBMs.

Transmission electron microscopy:

+ Direct characterization based on e-beam scattering. Precise information on the
structure of the CNT (diameter, contamination e.g. with amorphous carbon, number
of walls, differentiation between bundle and multi-walled possible).

- Not possible on long suspended CNTs on cantilevers due to mechanical vibrations
upon e-beam exposure. We have to use special grid chips with a different geometry
and smaller suspension length instead.

- Time-consuming, expensive.
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3.3. Experimental results

This section focuses on the internal structure of CNTs and therefore concentrates on the
Raman and TEM characterization of the growth.

3.3.1. Raman characterization of the growth

The Raman characterization has been done together with Niklas Martin in the framework
of a supervised bachelor’s thesis [[148]], using two different setups. Initial measurements
were conducted with a commercial Renishaw Raman microscope at the INTEL but due
to the restriction of only one laser wavelength (Agreen = 5321nm, P = 3mW) and a large
cutoff of the elastic Rayleigh scattering peak, we missed some RBMs and all vibration
modes below 70 cm™!. For the reliable determination of the RBMs we cooperated with the
startup C1 where a detailed analysis of CNTs on two cantilever chips was performed
using four different laser wavelengths (Apjue = 457 nm, Agreen = 5321m, Areq = 633 nm and
AR = 786 nm, P = 1 mW).

In the following, we will discuss these measurements, which were performed directly on
our cantilever chips. The CNTs on these cantilever chips have been preselected based on
their shape and not primarily on low SEM contrast. It is therefore likely that the study
also includes CNT bundles with higher SEM contrast than single CNTs, as well. CNTs that
split into multiple tubes ("spider webs"), which are obvious bundles were excluded. All
measurable Raman peaks (RBMs, D, G, G’) have been analyzed in [[148]]. The discussion,
however, will be limited to the most conclusive results. In particular, we did not perform
an analysis of the G peak to infer the chirality of the CNT (semiconducting or metallic),
because with our final process flow of the nanoassembly this information can only be
verified in electronic transport measurements after the CNT transfer.

Principle of Raman spectroscopy and inference on the internal structure of CNTs

Raman spectroscopy relies on the inelastic scattering of light in the investigated structure.
In a resonant Raman process, a photon excites an electron, which can then interact with
phonons (Stokes process=phonon emission or anti-Stokes process=phonon absorption),
and then relaxes back to the ground state under emission of a photon with different
wavelength [42]. The measurement of the difference in the inverse wavelengths of incident
and scattered photons (1/Aij, —1/Aout) is called the Raman shift and is given in units of 1/cm.
The Raman shift contains information on the phonons involved in the Raman process.
The phonons themselves have discrete frequencies depending on the phononic density

3 Institute of Nanotechnology, KIT-Campus North, H.-von-Helmholtz-Platz 1, 76344 Eggenstein-
Leopoldshafen, Germany
4 C12 Quantum Technologies, 26 rue des Fossés Saint-Jacques, 75005 Paris, France
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Figure 3.4.: Example of Raman spectroscopy of a CNT. Measured with the Renishaw Raman microscope
with indicated phonon modes.

of states, and thus the measurement of the intensity of the Raman shift allows to obtain
internal structural information of the material under investigation.

In the following, we will focus on the internal structure of CNTs and discuss the main
phononic modes and their detection with Raman spectroscopy [42, 149]. An example
Raman spectrum is given in figure

« Radial-breathing modes (RBMs): These phononic modes (~ 100 cm™*-300 cm™") occur
only in CNTs due to the cylindrical shape and not in other graphene-based materials
and refer to the coherent oscillation of all carbon atoms along the radius of the CNTs
(like a CNT breathing). The frequency is inversely proportional to the diameter of
the CNT. For suspended CNTs, we use the formula from [[150], where they calibrated
their Raman data with TEM.

wrem = 228/d  [em™!] (3.1)

« D mode: The defect-induced peak at ~ 1350 cm™! due to the first-order component
of the hexagonal breathing mode. This mode can only become Raman active when
the hexagon exhibits some defects and can therefore be used to quantify the amount
of defects in CNTs.

« G-mode: The in-plane C-C bond stretching mode in the hexagonal lattice at ~
1585 cm™!. In contrast to graphene, we observe a splitting into a G, and G_ peak for
CNTs due to different bond strengths in the axial and circumferential directions due
to curvature-induced strain. From the shape of the G peak we can also determine
whether the CNT is metallic or semiconducting [[149].

+ G’ mode: Overtone of the D mode at ~ 2700 cm™! that is Raman active independent
of the number of defects.
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Figure 3.5.: RBMs and CNT diameter estimation. Data based on RBMs from the two cantilever observed
by C12 with the standard recipe and the hydrogen addition during heating. a number of RBMs per CNT
for the standard growth and b number of RBMs per CNT for the hydrogen addition during heating of the
oven. ¢ Boxplot with diameter distribution for the two chips (cross: mean value, bar: median, grey box:
interquartile range and whiskers: 1.5 interquartile range). Calculated from the RBMs using d = 228/ wrpwm.

Diameter distribution based on RBMs

Two cantilever chips were sent to C12, one grown with the standard recipe (cf. appendix
and the other one grown with the addition of 200 sccm hydrogen during the heating
time of the oven. Most of the observed CNTs showed more than one RBM, as illustrated
in figure ,b, but there are also CNTs with only one RBM, which could potentially
be single CNTs. The few CNTs with only one RBM also have a very low SEM contrast,
hinting towards a first correlation between SEM contrast and number of tubes (parallel
tubes=bundles or concentric tubes=multi-walled CNTs). The two chips also had one CNT
each where no RBMs could be detected, showing that we can also miss some RBMs even
with 4 different laser wavelengths.

The diameter distribution of these two chips is illustrated in figure calculated from
eq. For the standard recipe, the mean diameter is 2.75 nm =+ 0.59 nm. For the recipe
with hydrogen addition during the heating process, we observe a slightly smaller CNT
diameter with a mean of 2.25nm + 0.75 nm.

Regarding a possible impact of hydrogen addition during heating, it must be mentioned
that only two cantilever chips have been investigated by C12. On the basis of the data, it
appears that hydrogen addition leads to a reduction of the diameter and an increase of the
number of RBMs per CNT.
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Figure 3.6.: Investigation of D peaks. Mean intensity ratio from D to G peak and relative number of D
peaks for three cantilever chips grown at different temperatures. Figure taken from [[148]].

Choice of growth temperature based on the D peak

This study was performed with the Renishaw Raman microscope and included three chips
with CNTs grown at 880 °C, 900 °C and 920 °C. In contrast to the RBM detection, the
Renishaw microscope is better suited to detect the D and G peaks, whereas the latter peak
could almost be found for all observed CNTs. The CNTs on the cantilever chip grown at
880 °C show the lowest relative number of D peaks with 1/10, while the higher growth
temperatures both have a ratio of 2/5 (cf. figure[3.6). The mean intensity ratio from D peak
to G peak in figure [3.6| indicates the amount of defects normalized to the overall signal,
but due to the low number of D peaks it is not possible to draw any conclusion from these
data. We decided to fix the growth temperature to 880 °C due to the lowest number of D
peaks and a sufficient number of suspended CNTs, which were significantly reduced for
lower growth temperatures.

3.3.2. TEM characterization of the growth

The TEM observation was performed by Di Wang with a Thermofisher Scientific Themis
Z transmission electron microscope located at the KNMfﬂ Unfortunately, cantilever chips
could not be loaded into the TEM and on top of that, due to the long suspension length
of 30 um large mechanical oscillations are expected upon e-beam irradiation, blurring
the image and making an observation impossible. For these reasons, we grow CNTs
on dedicated grid chips with a silicon nitride membrane, which contains arrays of 1 um
diameter holeﬂ TEM imaging is performed at an acceleration voltage of 60 kV, well below
the threshold energy of 86 keV, where electrons can knock out carbon atoms and induce
defects in the CNT [151].

5 Karlsruhe Nano Micro Facility, KIT-Campus North, H.-von-Helmholtz-Platz 1, 76344 Eggenstein-
Leopoldshafen, Germany

¢ PELCO Holey Silicon Nitride Support Film, 200nm thick, 1000nm pores, 0.5 x 0.5mm window, diameter
3mm
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Figure 3.7.: Overview of TEM images. a) Single-walled CNT covered with carbon (right) and filled with
carbon (left) and a contaminated bundle. b) Single-walled CNTs emerging from a bundle. c¢) Clean single-
walled CNT. d) Varying diameter for CNTs grown at 920 °C.

In the following study four different growth tests are included: a) standard growth recipe
(75 sccm CHy4 and 50 sccm Hy, 880 °C, 2 grid chips), b) growth recipe (75 sccm CH, and
50 sccm Hy, 920 °C, 1 grid chip), ¢) growth recipe (600 sccm CH4 and 200 sccm Hj, 880 °C,
1 grid chip) and d) growth recipe (600 sccm CH4 and 300 sccm Hj, 880 °C, 1 grid chip).

Overview

In this section we want to summarize the main observation results of our CNTs. The
corresponding images can be found in figure

« Single-walled to multi-walled CNT ratio: We observe a share of single-walled CNTs
around 90 % independent of the recipe which is satisfying (cf. table 3.1).

« CNT bundles: Almost each grid hole has at least one CNT bundle, which is probably
due to a high coverage of catalyst on these chips. Many single CNTs start off from
bundles, but we can also observe pure single CNTs. The ratio between individual
CNTs and bundles is therefore difficult to estimate properly.

« Uniformity of CNTs: For all growth tests, the CNT diameter looks uniform, except
for the CNTs grown at 920 °C (cf. fig. [3.7d). There is a large diameter variation
along an individual CNT, which could point towards a large variation in the reaction
dynamics at this temperature. The variation of diameter is caused by defects along
the CNT, and thus a lower growth temperature is desirable.

« Contamination: Most CNTs are contaminated with hydrocarbons or amorphous car-
bon. The bundles show more contamination than the individual CNTs (cf. fig. 3.7h,b).
Sometimes the contamination is also only inside the CNTs (cf. fig. [3.7p), indicating
that the contamination occurs during the growth process and not afterwards due
to air exposure. Some CNTs are clean (cf. fig. [3.7c). We performed one of our main
contact improvement techniques, radiative thermal annealing (RTA, cf. chapter[5),
for 45 min at 5.6 W and 11 W on a grid chip with CNTs to investigate the impact on
contamination. There was no evidence that the degree of contamination changed
after RTA.
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Table 3.1.: Ratio of single-walled (SW) and multi-walled (MW) CNTs. a Standard growth recipe (75 sccm
CH,4 and 50 sccm Hj, 880 °C, 2 grid chips), b growth recipe (75 sccm CH4 and 50 sccm Hj, 920 °C, 1 grid
chip), ¢ growth recipe (600 sccm CH, and 200 sccm Hy, 880 °C, 1 grid chip) and d growth recipe (600 sccm
CH,4 and 300 sccm Hj, 880 °C, 1 grid chip).

growth number of SW number of MW  ratio SW  ratio MW

a 67 4 94% 6%

b 25 2 93% 7%

C 15 3 88% 12%

d 18 2 90% 10%
Diameter of CNTs

TEM images have also been used to determine the diameter of individual single-walled
CNTs (bundles are excluded) for four different growth recipes. In general, all average
diameters are around 2-2.5 nm with the exception of a few CNTs with diameter larger
than 5 nm, observed only for low precursor flows (cf. fig. ,b). Interestingly, we cannot
observe CNTs with a diameter of around 4 nm. Due to the large deviation, these outliers
are not included in the average values. There is a slight tendency for smaller diameter
CNTs in the high precursor flow recipes (cf. fig. [3.8c,d) and higher growth temperature
could result in a larger CNT diameter than the standard temperature (cf. fig. [3.8a,b).

Comparison with Raman data

+ The Raman and TEM data both show that the number of defects increases when the
growth temperature is increased to 920 °C. We should therefore target the lowest
temperature possible.

+ The average values for the CNT diameter are comparable. This would mean that the
results from the TEM study performed on dedicated grid chips could also be valid
for CNTs grown on our cantilever chips. However, it must be noted that the Raman
study also includes RBMs from bundles, while the TEM study only contains true
single tubes.

« There is a tendency that hydrogen addition during heatup and a surplus of hydrogen
can lead to a smaller CNT diameter and a higher proportion of multi-walled CNTs.

Elementary analysis of a catalyst island

With the TEM it is also possible to perform a high-angle annular dark field (HAADF)
analysis. Here, the e-beam is focused on the sample and scans a predefined area (cf. fig.
3.9b) and the angular scattering due to Rutherford scattering is measured. The intensity of
angular scattering of electrons depends on the atomic number (~ Z7 [152]]) and allows
distinguishing between chemical elements.
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Figure 3.8.: Diameter calculation from TEM images. a standard growth recipe (75 sccm CH, and 50 sccm
H,, 880 °C, 2 grid chips), b growth recipe (75 sccm CH4 and 50 sccm Hp, 920 °C, 1 grid chip), ¢ growth recipe
(600 sccm CHy4 and 200 sccm Hj, 880 °C, 1 grid chip) and d growth recipe (600 sccm CH, and 300 sccm Hj,
880 °C, 1 grid chip). For the mean values only diameters <5 nm have been considered and the hatched share
of CNTs has been excluded.

Such an analysis was performed on a catalyst island in figure 3.9b. The elementary
analysis shows that iron nanoparticles have a diameter of about 10 nm with a rather
low size deviation. The formation of bigger nanoparticles is not observed, even if the
nanoparticles touch each other (cf. figure[3.9c). This could hint towards the desired strong
interaction between the alumina support and the nanoparticles. Molybdenum, on the
other hand, forms much smaller nanoparticles which are homogeneously distributed with
a slight accumulation in the vicinity of the iron nanoparticles (cf. figure [3.9d). It has to
be mentioned that the observation took place after a growth and that during the growth
at elevated temperatures this distribution might look different. In particular, we cannot
infer the size of the nanoparticles from which CNT growth is initiated. Nonetheless, the
distribution of molybdenum near to the iron sites agrees with the theory that molybdenum
could promote growth at the iron sites as described in section|3.1.1
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Figure 3.9.: Catalyst analysis with HAADF-TEM. a) Image of a big catalyst island, b) a zoom into the
analyzed area, c) the elementary analysis of iron and d) the elementary analysis of molybdenum.

3.3.3. Calibration of SEM CNT images with the TEM images

With TEM we can resolve the internal structure of the CNT, while with SEM it is only
possible to characterize CNTs based on imaging contrast and apparent width. In this
section, TEM and SEM images are opposed to set the SEM contrast into reference with the
internal structure of the CNTs. In figure and[3.11] we compare two out of six observed
grid holes.

+ A very high SEM contrast originates from bundles that are usually covered with
more amorphous carbon (figure[3.10|b & c, figure a&c).

« Single-walled CNTs can also have a high contrast when they are contaminated with

carbon (figure a & c, figure b).

+ There are single-walled CNTs with low contamination and large diameter ~ 5nm
that also show a comparably high contrast but lower contrast than the contaminated

CNTs (figure a & d, figure c).

« Single-walled CNTs with a diameter of 1-3 nm with low contamination have the
weakest contrast (figure a & d). In general, these CNTs are also less contaminated.

From the comparison in figure and[3.11]we can conclude that SEM contrast is a reliable
quantity to preselect CNTs. CNTs with large SEM contrast are most likely bundles or
very contaminated tubes and should not be used for devices. The weaker the contrast,
the smaller the CNT, the more likely it is a single CNT and the lower the contamination.
Therefore, we should select CNTs with the lowest SEM contrast possible.
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Figure 3.10.: Comparison of TEM images and corresponding SEM image. The blue lines map the CNTs
on the SEM image (center) to the TEM images a)-d). Taken from a 1 um diameter grid hole.
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Figure 3.11.: Comparison of TEM images and corresponding SEM image. The blue lines map the CNTs
on the SEM image (center) to the TEM images a)-d). Taken from another 1 pm diameter grid hole.

3.3.4. Discussion on e-beam induced contamination

Before transferring a carbon nanotube, we localize the carbon nanotubes on the cantilever
chip with scanning electron microscopy and select a suitable CNT based on shape, position
and e-beam contrast. Electron-beam exposure of carbon nanotubes is expected to induce
the deposition of hydrocarbons on the nanotube, which originate primarily from residual
precursor species in the direct vicinity of the CNT [[153]]. The precursors could originate
from the vacuum chamber, but the substrate surface is probably the strongest source of
precursors.

The presence of hydrocarbons on the surface of the CNT can form an insulating barrier
between the CNT and the metal of the contact electrodes, and can thereby deteriorate
the CNT metal contact. Likewise, on the suspended part of the CNT, hydrocarbons could

80



3.3. Experimental results

potentially lead to charge fluctuations impeding the electronic transport through the CNT
quantum dot. It is therefore essential to limit the hydrocarbon deposition to a minimum.
In the following, we want to discuss the e-beam induced contamination of our CNTs in
more detail according to the supplementary notes of [37] and provide additional TEM data
on SEM e-beam induced contamination in our setup.

Reduction of hydrocarbon deposition

For our setup we expect only a low deposition of hydrocarbons on the suspended nanotubes
for the following reasons.

1. Small exposed area of suspended CNTs: Hydrocarbon deposition is mainly caused
by low energy (< 50 eV) secondary electrons [154], and therefore, it is crucial to
reduce the number of secondary electrons in the vicinity of the CNT. The secondary
electrons occur as a product of the interaction of primary electrons with atoms, e.g.
on the substrate or the CNT. In our case, the CNTs are suspended between pairs of
cantilevers, and compared to the CNTs on the substrate, the limited number of atoms
in the vicinity of a CNT reduces the emission of secondary electrons. In particular,
the CNT section that is later embedded in the devices is in the center of the 30 um
long suspended nanotube, and thus far away from the potential secondary electron
emission induced by the cantilevers. This becomes also visible in figure [3.2] where
we measure the secondary electrons with the Inlens detector of the SEM. We can
clearly see the low contrast between the suspended CNT and the background, while
the electron count on the cantilevers is completely saturated (white color).

2. High acceleration voltage of the e-beam: The acceleration voltage determines the
penetration depth of the electrons where the interaction with the atoms and the
emission of secondary electron occurs. Therefore, the amount of hydrocarbon
deposited on a substrate surface strongly depends on the acceleration voltage of the
e-beam. This is demonstrated on a silicon substrate in figure where the higher
the acceleration voltage, the lower the deposition of hydrocarbons on the surface.
Compared to a standard low acceleration voltage of 1-2kV [153], we use a relatively
high acceleration voltage of 8 kV.

3. High vacuum: The hydrocarbon deposition depends on the number of precursor
species for hydrocarbon formation, mainly coming from the residual vacuum, the
surfaces in the chamber [[153]] or from the substrate. For this reason, we work at low
pressure (P = 2.5 X 107¢ mbar), and for suspended CNTs, the central section, which is
integrated into devices, is approximately 10 pm away from the cantilever substrate.

The parameters used during the SEM exposure are the following: Acceleration voltage: 8 kV,
chamber pressure: p = 2.5 X 107° mbar, beam current: 70 pA, pixel size: 27.9 nm X 27.9 nm,
exposure time per pixel: 2.5 us
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Figure 3.12.: Hydrocarbon deposition. Exposure of a predefined area with different acceleration voltages
and resulting hydrocarbon deposition taken from , supplementary notes.

10 nm

10 nm

Figure 3.13.: Comparison of different SEM exposure duration and magnification observed with
TEM. a) 10 min, magnification 22000, b) 1 scan with the usual scanning parameters, magnification 2000 and
¢) no imaging before TEM.

TEM characterization of SEM induced contamination

TEM provides a direct image of contamination on CNTs and is therefore used to determine
the contamination of CNTs that have been exposed to the e-beam during scanning electron
microscopy. As a benchmark, we exposed an area at magnification 22000 for 10 min, where
we can clearly see the contamination covering large parts of the CNTs in figure [3.13h.
In contrast to this high exposure dose, we cannot observe a difference in contamination
between an exposure with the usual scanning parameters from above in figure and
no exposure at all in figure[3.13f. This provides further evidence that contamination during
our SEM precharacterization is probably negligible.
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4. Design and fabrication of circuit chips

4.1. Design and material selection

4.1.1. Designoverview

In this thesis, the term "chip" refers to a larger chip of 15 mm X 15 mm or 20 mm X 20 mm.
This chip, as represented in figure hosts a number of "circuit chips" that contain
the electrical circuits making the connection to the CNT. The term "sample" refers to a
circuit chip with a transferred CNT. In early designs, a circuit chip can host two CNTs and
therefore two samples. Each sample can contain a number of CNT junctions, which form
CNT quantum dots or SQUIDs. We call these junctions "devices".

In other CNT integration techniques based on a stochastic process, such as top growth, the
yield of successfully suspended CNTs can be drastically increased by scaling up the number
of devices per chip. The deterministic nanoassembly approach, on the contrary, allows one
to separate the circuit chip fabrication from the CNT synthesis and to reduce the number
of devices to a few per circuit chip. This offers more flexibility in the design, and the
remaining space on the circuit chip can be used to easily include additional components on
the chip, especially required for hybrid architectures, such as microwave filters or cavities.
An overview of the two device geometries investigated in this thesis is given in figure
In the following, we will discuss key elements of circuit chip design.

Trench

Despite the many benefits of the nanoassembly technique, there is a major spatial constraint
on the circuit chip required to align the desired CNT on the cantilever chip with the transfer
position on the circuit chip. Since the suspended CNT on the cantilever chip needs to be
brought into mechanical contact with the circuit electrodes, and most of the CNTs are not
on the tip of the cantilever chip, the cantilever chip needs to be lowered below the chip
surface. For this purpose, we etch material from the circuit chip next to the transfer area
and build two cavities on either side of the transfer position with a depth of 10-15 um. In
the following, we call these cavities simply trenches. Since we transfer the CNTs under
an angle, this trench depth allows to reliably transfer CN'Ts up to 20 pm away from the
cantilever tip.

The upper limit for the width of the area between the trenches (which we call “bridge” in
the following) is determined by the distance between a pair of cantilevers which measures
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Figure 4.1.: Overview of circuit chip design. Upper: 15 mm X 15 mm chip with 6 circuit chips and zoom
into a nanocircuit. Green: DC lines, yellow: trench and nanocircuit with red: contact electrodes and blue:
gate electrodes. Bottom: False colored scanning electron micrographs with zoom into the two nanocircuit
designs: Left: Basic circuit used for contact tests with pairs of parallel electrodes for a set of quantum dots
and zoom into the center of the bridge. Right: Circuit with superconducting electrodes with zoom on a
SQUID with a transferred CNT (white). The DC lines are outside the imaging window in these images.
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30 um. To have some additional freedom for aligning the CNT, we use bridges measuring
about 20-25 um in width and 40 pm or 200 um in length.

DC lines

Each chip contains 24 DC lines which have bondpads on the edge of the chip to connect
the lines on the chip with the measurement setup. Microwaves to drive motion in the CNT
are also applied through these DC lines. The large DC lines end about 100 um away from
the bridge, where 12 of these lines arrive from the bottom of the bridge and 12 lines from
the top. At this position, the DC lines are connected to the so-called nanocircuit, which
refers to the circuit with the smallest electrode width in the nanometer range around the
CNT transfer area on the bridge. This modular approach, separating the large DC lines
from the nanocircuits, allows us to easily modify the design of the nanocircuit for each
chip or experiment independently from the design of the large DC lines, which can usually
be kept unchanged.

Nanocircuit

The nanocircuit is the core of each circuit chip. The nanocircuit comprises two different
types of electrodes: Contact electrodes which make electrical contact to the CNT and
gate electrodes which are located below the CNT and couple capacitively to the CNT to
control its chemical potential. In the frame of this thesis, two main designs have been used,
one with pairs of parallel contact electrodes and a gate electrode in between for simple
quantum dots and one for SQUIDs with a fork-like geometry for the contact electrodes
and two gate electrodes to control either of the two quantum dots on the SQUID. At the
end of the CNT transfer process, we aim for suspended CNTs, also when a gate voltage
of up to 10V is applied. This results in constraints in the ratio between the height of the
gate electrode and contact electrodes, depending on the suspension length of the CNT.
Different transfer tests on junctions as long as 1200 nm showed that a ratio of suspension
length to height difference between gates and contacts of 10 to 1 still reliably produces
suspended CNTs. However, in most cases, we aim for short CNT junctions of 200-500 nm,
and the ratio is more on the order of 5 to 1 or even lower. This leads to contact electrode
thicknesses on the order of 100 nm and gate electrode thicknesses of about 20 nm. The
width of the gate electrodes can impact the shape of the potential in the CNT quantum dot.
However, for short suspension lengths the contact resistance is dominant and the width is
usually chosen to fit easily within the contact electrodes measuring around 100-200 nm.
For contact electrodes, the width is crucial, as it can have a large impact on the contact and
the contact improvement techniques (cf. chapter[5). Here, we varied the width between
50 nm and 1000 nm. Independent of the circuit, we always have two electrodes on the left
and right side, which make the first contact with the CNT and are used to cut the CNT
before retracting the cantilever chip.
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4.1.2. Material of circuit chip
Chip material

The chip itself is mainly used as carrier substrate and consists of 525 pm p-doped <100>sil-
icon (Czochralksi-process, resistivity 1-5 mQ cm) with a layer of amorphous, 290 nm thick
SiO, fabricated by dry oxidation. We use silicon due to its comparably easy nanotechnol-
ogy processing, while the doping allows to potentially use a backgate and charges can
drain more easily than on undoped silicon facilitating the fabrication process. The SiO,
top layer forms an insulating barrier between the metal electrodes of the nanocircuit and
the silicon, preventing an electrical shunt between the metal electrodes. The chips are
commercially bough in the form of 4 inch wafers and then diced into 20 mm X 20 mm or
15mm X 15 mm chips. Each chip can then host between 6 and 10 circuit chips of about
3-4nm X 6-7 nm.

Gate electrode material

There is no general constraint on the material of the gate electrode. At the beginning
we used aluminum electrodes with a thickness of about 10 nm with a thin layer of 8 nm
amorphous aluminum oxide to insulate the gates from potentially touching CNTs. Later,
we moved to platinum without an additional oxide layer. Platinum has the advantage
of a higher melting temperature, and thus a higher resilience during heat application in
contact improvement techniques, and proved to be more robust with respect to electrostatic
discharge (ESD) in particular for gate electrode arrays with widths on the order of 50 nm.
A second advantage is lower charge noise in the vicinity of the CNT compared to other
materials, such as aluminum, due to the absence of surface oxides. In addition, we use a
titanium adhesion layer between the gate metal and the silicon oxide whose thickness
varies between 3 nm and 20 nm, depending on the surface roughness after the previous
fabrication steps. Titanium is commonly used due to its ability to form chemical bonds
between the substrate and the metal [155].

Contact electrode material

The material choice for the contact electrodes is more delicate since it has a direct impact
on the CNT metal contact and electronic transport through the CNT. In order to make
a good electrical contact to the CNT, at least 3 nm of a noble material are required on
top of the electrode with a high work function, comparable to the one of the CNT (4.76-
5.05 eV, where bundles are on the lower end and single-walled CNTs on the upper end)[55,
56, |57]]. Likewise, it should have good wetting properties to the CNT. We achieved the
lowest contact resistance using platinum and palladium. Regarding the core material,
basic contact improvement tests have been performed on electrodes with core materials

1 SIEGERT WAFER GmbH, Charlottenburger Allee 7, 52068 Aachen
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such as gold, aluminum, niobium, molybdenum, palladium and titanium. Aiming for a
proximity-induced supercurrent through the CNT, the core of the contact electrode should
consist of a superconductor as source of superconductivity. For the superconducting
devices presented in chapter [6| the alloy and type 2 superconductor MoRe is used. Similar
to the gate electrodes a thin layer of adhesive material needs to be added. In most cases,
it consists of few nanometers titanium, whereas for molybdenum-based core electrodes
molybdenum shows similar adhesion and the titanium layer is not required. The core of
the contact electrode has also an impact on the surface roughness and the heat transport,
which can both affect the CNT metal contact and the different contact improvement
techniques in chapter[5] To apply the radiative thermal annealing (cf. chapter[5.4.3), it is
crucial that the core material is not affected by the heating process.

4.2. Basictechniquesin nanofabrication

This section will be dedicated to the fundamental processes in nanofabrication and will
explain how structures can be patterned on empty chips. These processes will then be
applied to the fabrication of normal and superconducting circuit chips. Although some
parts of the fabrication have been carried out at the Physikalisches Institut (PHI), all chips
have been mainly processed in the ISO 6/ISO 7 cleanroom of the Nanostructure Service
Lab (NSL) at the CFN institute to guarantee a high cleanliness, and thus a high yield of
functional devices.

In order to add to or remove parts from the chip locally, the rest of the chip needs to
be protected by a mask which needs to be removed at the end of the process. This
mask has to be patterned with the desired design in a process called lithography. For
structural dimensions in the nanometer and micrometer range, organic resist masks are
most commonly used. These are polymers that are sensitive to electron-beam exposure
or optical exposure and are either crosslinked (negative resist) or scissioned (positive
resist) upon exposure. In a subsequent step, the development, the exposed positive resist
or unexposed negative resist is dissolved in organic or alkaline solvents and the mask
can be used for metal deposition (lift-off process, cf. figure or as a protective mask
during etching (etching process, cf. figure [4.2b). At the end of the process, the mask can
be dissolved in organic solvents and the pattern on the chip remains. The basic techniques
will now be explained in detail.

4.2.1. Fabricating the mask
Resist deposition
The resist must be deposited homogeneously on the chip. The technique of choice is spin

coating. Here, the chip is sucked with a vacuum pump onto a rotating chuck, the resist is
dropcast on the chip, and the chuck is rotated to distribute the resist homogeneously. The
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Figure 4.2.: Overview of the different steps in lift-off (for positive resist) and etching process (for
negative resist). Drawn without considering the undercut in the resist profile. The individual steps are
described in the text.

final thickness depends on the spinning speed (1000-6000 rpm) and the resist viscosity. In
a subsequent step, the hard bake, the chip is heated on a hot plate above the evaporation
temperature (T = 90-180 °C) and the resist mask becomes solid.

Optical and electron-beam lithography

The resist mask needs to be patterned and, depending on the sensitivity of the resist, this
can be done with photon or electron exposure at the energy scissoring or crosslinking the
resist and an appropriate intensity or dose. The electron-beam lithography is performed
by Silvia Diewald (NSL), where an electron-beam with an acceleration voltage of 50 kV
scans the desired pattern and modifies the resisﬂ This direct lithography technique is
used for the nanocircuits due to the small dimensions below the optical resolution limit.
Likewise, the pattern can be easily adapted from chip to chip. For larger structures with
minimum widths of > 2 um optical lithography is used. Here, we make use of a mask
alignelﬂ Light from a Hg-Xe gas lamp exposes the resist through a separate quartz mask
containing the pattern, which is aligned and brought into contact with the circuit chip.
Because the full mask can be exposed homogeneously within a few seconds, this method
is faster than electron-beam lithography and is mainly used for large structures on the
circuit chip that are rarely modified, such as the trenches and the large DC lines.

Resist development

After the exposure, the final pattern needs to be formed. For this purpose, the chip is
inserted into a developer bath. In case of a positive resist, the exposed parts with broken

2 Jeol JBX-5500, JEOL Ltd. Akishima Tokyo Japan
3 Mask Aligner Siiss MA/BA 6, SUSS MicroTec SE Schleilheimer Str. 90, 85748 Garching



4.2. Basic techniques in nanofabrication

polymer chains are dissolved in some organic solvent, while the unexposed parts with
long polymer chains still remain. For a negative resist, we typically use an alkaline
developer which etches the unexposed parts and leaves the exposed crosslinked resist
largely unaffected. In practice, however, the developer always attacks the remaining resist,
as well, a process referred to as dark erosion. Therefore, a second bath, the stop bath,
is used to prevent further resist erosion after the development and residual developer is
removed. In general, the profile and width of the electrodes depend on the sensitivity and
thickness of the resist, the exposure dose due to scattering effects, and the development
time, which all have to be chosen carefully. In some cases, e.g. to facilitate a lift-off process,
it might be desired to create some undercut profile, and a stack of two resists with different
sensitivity can be used.

4.2.2. Structuring using the resist mask
Metal deposition

In this thesis, two different metal deposition techniques have been used: Sputtering and
e-beam evaporation. Sputtering refers to a process in which the impingement of accel-
erated ions on a metal target leads to momentum transfer, and atoms are kicked out of
a target and then hit the sample. In our case, for sputtering, a flow of argon is led into
the vacuum chamber, and an argon plasma is lit at a sputter gun in the vicinity of the
target. We distinguish between DC magnetron sputtering and RF sputtering, where a DC
electric field or an AC electric field generates the plasma, respectively. RF sputtering is
commonly used for insulating materials when applying a bias between the gun cathode
and the target becomes difficult. Sputtering requires pressures on the order of 107> mbar
to have a sufficient number of argon atoms in the vacuum chamber to excite the plasma.
This comparably high pressure reduces the mean free path of the target atoms to tens
of centimeters, making sputtering a less directive process. Therefore, sputtering is not
suitable for lift-off processes, since the metal film would climb up the resist walls impeding
resist removal. Therefore, it is only used for global metal deposition on the chip prior to
resist application. Sputtering has a major benefit over evaporation when metal alloys are
deposited. For evaporation, this would require the complex and expensive installation of
two electron guns due to the difference in evaporation temperatures of different metals,
while for sputtering, either premixed targets can be used or metal from targets of two sput-
ter guns can be sputtered simultaneously, independent of their evaporation temperature
(cosputtering).

For e-beam evaporation, the metal is filled in a crucible and heated beyond the evaporation
temperature. In our case, we use electron-beam evaporation, where an electron beam
heats up the metal, and the metal film is then deposited on the sample positioned above
the crucible. The evaporation takes place in high vacuum at pressures ranging from
1077-107° mbar at which the mean-free path largely exceeds the dimensions of the vacuum
chamber. Therefore, thermal evaporation can be considered as a directive deposition
method and is the choice for lift-off processes.
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Etching

In this work we use two different dry etching techniques, Reactive Ion Etching (RIE
and argon millinéﬂ Both are based on a plasma, separating the gas in the chamber in
electrons and ions, whereas the ions are accelerated to the sample by electric fields. The
impingement of ions leads to a momentum transfer, ejecting atoms from the sample. In
RIE chemical reactive ions are used. In addition to the physical impact, they can react with
the sample atoms and form volatile chemical components which can then be removed
from the reaction chamber by pumping. Thus, RIE can be considered to be a combination
of chemical and physical etching. Argon milling, on the other hand, uses only physical
etching and in our case is performed under an incident angle of 45° to avoid redeposition
on the sample.

Resist stripping

In a last step, the resist mask has to be removed to obtain the final structures. If the metal
has been deposited on top of the resist (lift-off process), the resist and the metal on top of
the resist are removed. For an etching process, the resist mask protecting the structures
is simply removed. In both cases, this is achieved in a bath with organic solvents. The
solubility of the resist and the efficiency of resist removal can be enhanced by increasing
the solvent temperature on a heat plate or by mechanical assistance such as ultrasonication,
bubbling with a pipette, or shaking the chip in the solvent.

4.3. Fabrication of normal conducting circuit chips

The design of the normal conducting circuit chips is illustrated in figure |4.3|and the fabri-
cation contains four lithographies. This section only gives an overview of the processes;

details can be found in the appendix

1. Deposition of large DC lines and markers:
As mentioned in the basic design considerations, these large parts remain largely
unmodified and are therefore patterned with optical lithography. We also pattern
markers, which are required to align the following lithographies with respect to each
other. We use gold because of its high electrical conductance, chemical stability as
noble metal, and high contrast in electron microscopy.

2. Deposition of local gates:
The local gates as part of the nanocircuits are patterned with e-beam lithography
in a lift-off process. Due to their thickness of about 20 nm, it is more convenient to

4 Sentech Plasma Etcher SI220, SENTECH Instruments GmbH, Schwarzschildstrafle 2, 12489 Berlin
> Kaufman KDC 40 Ion Source, Kaufman & Robinson Inc., 1330 Blue Spruce Dr, Fort Collins, CO 80524, USA
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4.3. Fabrication of normal conducting circuit chips

Figure 4.3.: Layout of a single normal conducting electrode circuit chip. Chip size 7.2 mm X 3.2 mm.
Right: zoom into the nanocircuits. Green: DC lines and markers, red: contacts, blue: gates, yellow: trenches.

fabricate them before the thicker contact electrodes. A double layer resist stack is
used to facilitate the lift-off.

3. Deposition of contact electrodes:
The contact electrodes are fabricated in a similar way with a lift-off process and
e-beam lithography. The thickness measures about 100 nm, and likewise a double
layer resist stack is used.

4. Trench etching:

In order to etch 10-15 um deep trenches into the substrate, first the 290 nm thick SiO,
layer has to be etched with RIE and then pure silicon. After an optical lithography the
SiO; is etched using CHF3 gas, which only barely attacks the about 2 pm thick S1818
resist. A high aspect ratio, i.e. vertical trench walls are targeted. In semiconductor
industries a so-called Bosch process [156] with fluorine gases in an inductively-
coupled plasma (ICP) machine is commonly used. The Bosch-process consists of
multiple cycles of two steps, an etching step and a passivation step. First, a high
bias is applied and the SF ions physically etch the silicon at the bottom with high
anisotropy and chemically in a more isotrope process. A cycle follows where the SFq
is replaced by C4Fg at lower bias, leading to an almost purely chemical passivation of
the trench, including the side walls. When SF¢ enters the vacuum chamber again, the
physical etching will remove the passivation layer on the bottom first and during the
chemical etching the trench bottom is primarily attacked, while the side walls are
still protected. In principle, it is possible to achieve almost vertical sidewalls [157]],
but at the NSL we could only use an ordinary RIE machine with less anisotropy
resulting in less vertical walls.
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4. Design and fabrication of circuit chips

4.4. Fabrication of superconducting circuit chips

The need for new fabrication schemes

Initially for superconducting circuits, we followed the same lift-off process as for normal
conducting circuits in section [4.3]and only replaced the core of the normal conducting
contact electrode by a superconductor, such as niobium or aluminum. However, it turned
out that aluminum is not compatible with the contact improvement technique of radiative
thermal annealing in chapter |5, and all other available superconductors, such as niobium,
require high evaporation temperature and heat up the resist by thermal radiation from the
crucible heating or deposition of hot atoms. This might not be an issue for large electrodes
or on unpatterned substrates where we could achieve a critical temperature of close to 9K
of 100 nm thick niobium films. If the electrode width is on the order of 1 um or smaller,
the resist can degas in the vicinity of the contact electrodes and deteriorate the quality of
the metal [|[158]. For instance, niobium contacts of 400 nm width fabricated with a lift-off

did not show a superconducting transition down to 2K (end of the measurement range of
the PPMSP).

The solution to this problem is the metal deposition on a plain substrate without resist and
the risk of degassing, either via thermal evaporation or sputtering and then patterning the
circuits in an etching process at comparably low temperatures.

4.4.1. Molybdenum-rhenium as superconductor

The etching process is also compatible with sputtering and opens up the use of new
materials that cannot be easily evaporated. In this work, the type II superconductor alloy
molybdenum-rhenium (MoRe) is used as source of superconductivity.

Material properties

Mo;_xRey has been investigated since the 1960’s [[159] and possesses different properties
depending on the substrate temperature during deposition and the atomic ratio x which is
usually chosen between 0.25 and 0.62 to yield a high critical temperature [[160]. Critical
temperatures ranging from 10-13 K are commonly observed [161}/162,(159,|163]] and even for
2-10 nm thick films critical temperatures of 5.6 K < T, < 9.7 K have been reported [[164]. In
many studies, this high critical temperature is related to the formation of a metastable A15
phase for thin films [165} 160]. Critical fields as high as H.;(0) = 8.5 T could be measured
[162]. The residual resistance ratio RRR ~ 1.1-1.7 [162} 160] indicates the large degree of
disorder in the superconductor. Due to the low solubility of elements, such as oxygen, in
interstitial sites and the observation that superconductivity is largely unaffected [163], the

6 Physical-Property-Measurement-System, Quantum Design, 10307 Pacific Center Court San Diego, CA
92121 USA
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4.4. Fabrication of superconducting circuit chips

superconductor has been suggested for microwave resonators. Internal quality factors
of 23700 [[166] and even 700 000 [167] have been measured in A/4 coplanar waveguide
resonators, both limited by coupling to two-level systems in the substrate.

Applications of molybdenum-rhenium in hybrid nanostructures

In the field of hybrid nanostructures MoRe has been used to proximitize InAs nanowires
[168]], induce supercurrent in graphene [169] or single-molecule magnets in electromi-
grated gold junctions [[170] and even nano-SQUIDs with nanoconstrictions made out of
MoRe have been reported [171]).

With respect to CNTs, MoRe has been tested in the frame of the top growth process
[166,(167] due to its resilience against the harsh CVD conditions. In particular, MoRe has
already been used to successfully fabricate superconducting CNT circuits with the top
growth process [31,|122] at the elevated growth temperatures of 800-900 °C. In another
work [172], synthesized CNTs are distributed over circuits and after an annealing at high
temperatures of 900 °C transparent CNT metal contacts are formed, which can carry
supercurrents up to 50 nA. The authors link these transparent contacts to the formation
of molybdenum carbides, but could also measure a yet much smaller supercurrent of
350 pA in a MoRe+Pd material stack annealed at 220 °C. Driven by these promising results
which should also be applicable to our nanoassembly technique (with the restriction of low
annealing temperature) and the extraordinary properties of Mo;_.Re,, we decided to use
this material in the same atomic percentage ratio of x = 0.4 as a source of superconductivity
In our circuits.

4.4.2. Fabrication scheme for MoRe based circuit chips

An overview of the fabrication process is given in table details can be found in the
appendix A characterization of the superconducting properties of the MoRe films is
presented in the appendix

Metal deposition

Prior to sputtering, the chip is heated in the vacuum chamber to 200 °C for 15 min to
desorb water and organic residues. The area of the holder with the heating unit restricts
the maximum chip size to 15 mm X 15 mm hosting up to 6 devices. First a layer of 15 nm
molybdenum is sputtered onto the circuit chip and then a second sputter gun with a
rhenium target is turned on to sputter simultaneously from two sources (co-sputter) the
41 nm thick MoRe alloy film at a rate of 0.5 nm/s. The ratio of the sputtering powers is set
to result in an approximate atomic percentage ratio of Mo(60)Re(40). Once the MoRe has
been deposited, the top layer (palladium or platinum) is sputtered from another sputter
gun in the same vacuum chamber. Performing the MoRe and Pd/Pt deposition in the same
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Figure 4.4.: Layout of the superconducting circuit chip. The full chip of 15 mm X 15 mm contains 6
circuit chips (3.6 mm X 6.6 mm). Black: alignment markers, green: DC lines (optical lithography part of the
contacts), red: e-beam parts of the contacts (fabricated in one step with the DC lines), blue: gates and yellow:
trenches. The blue electrodes cover the green electrodes in all directions to ensure gate continuity.

Table 4.1.: Overview of the different fabrication steps for the superconducting circuit chips. Details
see text.

‘ step ‘ process ‘ material

15 nm Mo, 41 nm MoRe

metal deposition sputtering 11-13 nm Pd or Pt

alignment markers °p t.l cal lithography 5nm Ti, 40 nm Au
lift-off process
e-beam lithography Ar milling: —13 nm Pd/Pt
contact electrodes | optical lithography | RIE (SF¢/Ar/O3): —41 nm MoRe —15 nm Mo
etching process RIE (CHF;): —150 nm SiO;

e-beam lithography

2 Ti, 2 P
lift-off process Onm Ti, 25 nm Pt

gate electrodes

optical lithography RIE (CHF;): — rest of SiO,

t h . i
renches etching process Bosch process: —15pum Si

vacuum chamber and keeping the time between the two depositions as short as possible
ensures a clean MoRe-Pd/Pt interface. The final stack is depicted in figure

Alignment markers
Similar to the fabrication of normal conducting electrodes alignment markers are used to

align different lithography steps with respect to each other. Gold also has a sufficiently
large e-beam contrast to MoRe+Pd/Pt to be easily used in e-beam lithography.
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13nm Pd
41nm MoRe

y metal { metal |

0. sputtering ]
t 500um Si

< o Hv+ed | AN AN
resist ma-N2405 [ [ ] [ ] ] ]
1. resist deposition 2. lithography 3. Ar milling

—

4. RIE & resist stripping

Figure 4.5.: Overview of the sputtered material stack and the process of negative contact electrode
lithography. 0. The metal is sputtered on top of the substrate. 1. The resist ma-N2405 is spin coated on the
substrate. 2. The resist is exposed using optical and ebeam lithography followed by a single development
process. 3. Argon milling is performed under angle indicated by the arrows, removing the Pd/Pt top layer. 4.
Reactive ion etching (RIE) etches the MoRe and part of the SiO; resulting in self-aligned trenches in the
SiO, after resist stripping.

Negative contact electrode lithography

This step is the most delicate one in the whole fabrication process and illustrated in figure
The key is to use a negative resist (ma-N 2405[]) which is highly sensitive to electrons
and photons allowing to perform e-beam lithography followed by optical lithography and
only one development. The large DC lines and the contact electrodes of the nanocircuit can
then be etched at the same time. Since palladium or platinum are hard to etch chemically
with RIE, they are physically removed with argon milling under an angle. Then in the
RIE-machine the MoRe is etched using a combination of SF4 for chemical etching and Ar
for physical etching, improving the anisotropy of the etching which leads to more vertical
sidewalls. A small amount of oxygen was added to the plasma to potentially yield a cleaner
result. After a minimum overetch into the SiO, we etch about 150 nm further into the
SiO; with CHF;3, Ar and O,. This step allows to embed the gate electrodes well below the
contact electrodes to ensure suspended CNTs and to keep the contact electrode thickness
to a minimum.

7 micro resist technology GmbH, Kopenicker Str. 325, 12555 Berlin
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Comments on the process:

« Compared to the target design, the final structures possess a tail of 1 um length
which is due to application of argon milling under angle (cf. figure [4.1). Argon
milling perpendicular to resist walls results in a protective effect from the resist walls
and an incomplete Pd/Pt milling. In the following RIE process this remaining Pd/Pt
serves as etch mask and this part remains as a tail.

« After the process the surface roughness is increased which is due to pillars covering
in particular large areas. For the nanocircuits and smaller etching area these features
do not appear. This points towards area dependent etching dynamics but the origin
of these pillars is still unclear. A possible cause could be re-deposition of palladium
which serves as an etch mask during subsequent RIE. Since the important CNT
transfer area of the nanocircuits is almost unaffected, these pillars are not a drawback.

Gate lithography

The gates are deposited in a similar lift-off process as in the case of normal conducting
circuits. However, there are a few changes to ensure gate continuity. First, the etching of
the chip surface results in large surface roughness, and therefore, we increase the thickness
to 20 nm of titanium adhesion layer and 25 nm of platinum gate electrode. Second, the
gates need to be connected to the large DC lines outside the nanocircuits. To achieve a
reliable electrical contact, the gates have to climb up the insulating silicon oxide until they
reach the conducting MoRe+Pd/Pt. Therefore, the gate evaporation is performed under an
angle of 25°.

Trenches

The removal of about 150 nm of SiO; does not impact the trench etching. The same recipe
as for the normal conducting electrodes can be used. We decreased the trench widths
from 200 pm to 40 um to decrease the length of the nanocircuit and to reduce the risk of
fabrication failures.

4.4.3. Fabrication challenges of MoRe electrodes

The fabrication process for MoRe electrodes had to be developed from scratch and many
difficulties arose during fabrication tests. These are dealt with in this section.

A common feature is the appearance of crystallites ranging from few 100 nm to few
um which are homogeneously distributed over the sample and can impede the sensitive
fabrication process of the contacts (cf. figure [4.6f). They occur also on pure rhenium and
are most likely related to the formation of rhenium oxides (ReOs) [173] and also observed
for films deposited with atomic layer deposition [174]. The sensitivity to oxygen exposure
is nicely demonstrated by applying oxygen plasma to MoRe or Re surfaces, leading to a
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b Re.on MgO

Figure 4.6.: Scanning electron micrograph of crystallites. a Surface of a 60 nm thick Mo(60% at.)Re(40%
at.) co-sputtered film on a SiO;-substrate showing the formation of crystallites. Similar crystallites could
be observed on 50 nm thick Re films. b Surface of a 50 nm thick Re film on a chip with MgO surface with
absence of crystallites. Black: scale bars 2 pm.

significant increase of these crystallites, or by adding oxygen to the deposition process
. The Re®* cation in ReOj is unstable and the oxide decomposes to Re,O; and ReO,
above 400°C . While Re;O7 sublimes at around 300 °C, the ReO, decomposes at a
temperature of 850 °C [[175]], a temperature we cannot reach with our heating setup. The
main aim lies therefore in the reduction of possible oxygen contamination on the chip and
in the vacuum chamber of the sputterer. Interestingly, the crystallites do not occur on
an MgO surface (cf. figure [4.6b), pointing towards a reaction with the Re and the silicon
oxide surface. Several measures have been taken to reduce the number of crystallites:

+ Heating the chip at 200 °C prior to sputtering in the vacuum chamber to desorb
water and other potentially oxygen containing species.

« Sputtering a molybdenum layer of 15 nm first to isolate the Re from the silicon oxide.

« Minimizing the air exposure time of the chips and storing them in vacuum (10~!-
1 mbar).

« Covering the chip with inert metal. Adding a Pd/Pt layer of 10 nm before exposing to
air makes the MoRe film more resilient to air exposure. Luckily this layer is required
for our application anyway.

During further processing several rules must be obeyed:

« O, plasma must not be applied at any time after the MoRe is deposited.

« Organic solvents such as NEP or DMSO attack the film and only acetone, IPA, water
and TMAH containing developer (such as MF-31Sﬁ AZ7 26Mfﬂ with 3-5% TMAH)
have been successfully tested. Even ma-N2405 resist reacts with the MoRe+Pd/Pt
when exposed to air for more than two days.

8 micro resist technology GmbH, Képenicker Str. 325, 12555 Berlin

? MicroChemicals GmbH, Nicolaus-Otto-Str. 39, 89079 Ulm

97






5. Integrating CNTs into electrical circuits
by nanoassembly

In the last two chapters, we have discussed how suspended CNTs are grown on cantilever
chips and how the electric circuits on the circuit chips are fabricated. The next step is
the core of the sample fabrication, the integration of suspended CNTs into the electric
circuits on the circuit chip. In the introduction, we reviewed the three main integration
techniques: post-growth fabrication, post-fabrication top growth, and nanoassembly, and
explained why nanoassembly is our first choice. In this chapter, we will first highlight how
our nanoassembly technique differs from other nanoassembly techniques and explain our
nanoassembly technique in detail. The second part of the chapter is then dedicated to the
improvement techniques of the CNT metal contact, which allowed us to reach the open
quantum dot regime and proximity-induced superconductivity in nanoassembled CNT
devices. Part of the results have been published in [37], where we demonstrate our ability
to reliably reach the open-quantum dot regime with our nanoassembly technique.

5.1. Introduction to CNT nanoassembly

In this section, we will give an overview of the state-of-the-art nanoassembly techniques
and explain the differences in our approach.

5.1.1. Overview of nanoassembly techniques

An overview of different nanoassembly techniques is given in figure All techniques
have in common that their circuit chip has some elevated area/mesa structure ("bridge"),
where the electrodes are patterned onto which the CNT is transferred. Likewise, the
separate chip on which CNTs are grown consists of some cantilevers or a mesa-like
structure to be able to transfer the suspended CNTs.

Zhong’s group was the first to report the mechanical transfer of CNTs [176]. They used
a quartz chip with nanopillars as growth chip and a mask aligner for the alignment of
suspended CNTs and the mechanical transfer. A similar approach has been implemented
in the Kouwenhoven group [[180] and in the Laird group [181, 83]. This approach has
the advantage of allowing multiple CNTs to be transferred simultaneously. A different
approach has been realized by the Ilani group [177]] where instead of using a mask aligner,
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Suspended
nanotube

a
c CNT.
400 nm SiO,

40 nm P

p**-Si
(backgate)

Figure 5.1.: Selection of different CNT transfer techniques. a Technique with mask aligner [176]], b
technique with transfer in optical microscope [177]], ¢ technique with cantilever chips from [[178] and d
cantilever chip layout from [[179].

a micromanipulator is used for the alignment in a dedicated setup. This comes with the
benefit that the circuit chip can already be electrically connected to the sample holder,
giving rise to a more precise control of the transfer process compared to a purely mechanical
approach. During the approach, a bias voltage is applied between two electrodes, and once
the CNT is in mechanical contact, the contact can be detected electrically by measuring a
current through the CNT. Moreover, the ability to electrically monitor the transfer process
can give a more detailed understanding of the room-temperature transport properties
of the CNTs and the CNT metal contact. For instance, when a CNT is cut by applying
a too high voltage, a single cut is expected for a single-walled CNT, and multiple cuts
indicate bundles or multi-walled CNTs. Similar approaches have been implemented in
the Schonenberger group, where they used cantilevers instead of a mesa growth structure
[178]. This approach has been further developed by the Hierold group 61]. The
design of cantilevers varies between the different groups. For instance, the Hiittel group
uses commercially available quartz forks with only two cantilevers [[179]. Our approach
is based on the works in the Kontos group and has been implemented and further
developed by Tino Cubaynes at KIT. The most recent developments in the field include
the foundation of start-ups, such as Chiral NanoEl or ClZEI, specialized in the nanoassembly
technique with the aim of commercializing CNT based devices.

1 Chiral Nano AG, Uberlandstrasse 129, 8600 Diibendorf, Switzerland
2 C12 Quantum Technologies, 26 rue des Fossés Saint-Jacques, 75005 Paris, France

100



5.1. Introduction to CNT nanoassembly

* trench

Figure 5.2.: CNT transfer in vacuum chamber of scanning electron microscope (SEM). The CNT can
be precisely aligned with the help of markers (not shown in the left schematics) and e-beam imaging. The
distance between CNT and the "bridge" of the circuit chip can be monitored throughout the whole transfer
without exposing the relevant section of the CNT. Scale bar: 1 um.

This also demonstrates the superiority of the nanoassembly technique compared to other
fabrication techniques with respect to the potential for industrial fabrication. Compared
with our fundamental research where we prioritize quality over quantity, the industrial
implementation of the nanoassembly technique has a huge potential to be automated,
boosting the fabrication efficiency towards mass fabrication.

5.1.2. Our nanoassembly approach

Our nanoassembly approach stands out from the other approaches in several aspects,

which we will highlight in the following.

Scanning electron microscope (SEM)

Instead of using a mask aligner at ambient pressure or micromanipulators in combination
with an optical microscope under vacuum, our approach is based on transferring the CNTs
inside the vacuum chamber of a dedicated scanning electron microscope with the ability
to apply voltages and measure currents in situ on 24 individual lines (cf. figure [5.2). This
comes with multiple benefits:

1. Complete monitoring of the transfer process: With SEM, the CNT position can be
tracked during the entire transfer process. To avoid e-beam induced contamination,
the SEM observation is done far from the sections implemented in devices (cf. figure
5.2b). The difference in working distance between the focal plane of the CNT and the
focal plane of the substrate allows the distance between the CNT and the electrodes
to be measured with a precision of a few pum at any time. The contact is then detected

101



5. Integrating CNTs into electrical circuits by nanoassembly

electrically by applying a bias voltage between two electrodes and measuring the
current.

Easy investigation of circuit problems: The SEM contrast is proportional to the
detection rate of secondary electrons. The application of a voltage on an electrode
of the circuit chip results in a local electric field that modifies the secondary electron
emission, which appears as a contrast change in imaging. By applying a bias voltage
to the electrodes on the circuit chip and their connections can be checked in situ.
In particular, in the case of some fabrication error in the circuit chip or a broken
CNT, SEM in combination with the application of a DC bias voltage on any of the
electrodes is a powerful tool, allowing for a quick and easy investigation of the
problem.

3. Alignment: The custom piezostage allows us to align the cantilever chip with respect

to the circuit chip laterally with a minimum step of 10 nm. As seen in figure|5.3, we
can perfectly center the CNT on electrodes of only 800 nm width and conservatively
estimate the positioning accuracy by +200 nm [37].

CNT observation: As shown in chapter[3] we can quickly localize CNTs with scanning
electron microscopy on cantilever chips and reliably pre-characterize them based
on SEM contrast, while potential e-beam induced contamination is negligible. In
contrast to with only a single pair of cantilevers, we use cantilever chips with
at least 44 cantilevers to increase the chance of having single suspended CNTs (cf.

figure 3.2).

Figure 5.3.: Scanning electron micrograph of a CNT-SQUID. The CNT is perfectly centered and the
positioning accuracy is estimated to £200 nm. Scale bar: 500 nm. Fabricated by Tino Cubaynes (from ).
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Full vacuum process

Another unique feature of our approach is that the CNT is never exposed to air, minimizing
the potential contamination of the CNT. For this purpose, we have implemented the
following process flow:

1. CVD growth of CNTs and storage under vacuum (10~2 mbar) in the CVD chamber

2. Transfer of the cantilever chip with a custom vacuum transfer arm into the vacuum
chamber of the SEM (< 5 x 10~2 mbar)

3. Nanoassembly in the vacuum chamber of the SEM (~ 2.5 X 10~° mbar)

4. Transfer into the vacuum pumped cryostat (< 107> mbar) using another custom
vacuum transfer arm (< 5 X 1072 mbar)

5.2. Setup and transfer process

Before detailing the CNT transfer process, we will describe the setup used for the transfer,
including sample holders, transfer arms, and the custom SEM setup.

5.2.1. Sample holders and transfer arms

For the nanoassembly, two different types of chips are used, the cantilever chip with
the CNTs and the circuit chip to transfer the CNTs onto. Each type of chip has its own
holder, as shown in figure We refer to them as cantilever holder (for the cantilever
chip) and sample holder (for the circuit chip). Each holder is compatible with one custom
vacuum transfer arm (cantilever vacuum transfer arm or sample holder vacuum transfer
arm, respectively).

The sample holder has to fulfill several requirements since it must be compatible with
the setup in the SEM, cryostat, and vacuum transfer arm. This includes the DC and RF
connection lines, good thermalization at mK temperatures, filtering, such as RC filters for
the DC lines or bias-Tees for the RF lines, and easy connectivity to the different setups.

The core of the sample holder (cf. figure [5.4h) is the custom PCB that hosts the circuit
chip and makes the electrical connection to the chip via microbondezﬂ 25 pm diameter
aluminum wires. The circuit chip is glued with PMMA close to the tip of the PCB. This
has the advantage that the chip is easily accessible when transferring CNTs and that the
chip can be placed inside the 3D vector coils in the cryostat. In total, there are 24 DC lines
made from gold-plated copper, with 12 lines on each side of the sample. To mechanically
excite the CNT and apply RF, there are three coplanar waveguides on the side that is
further away from the tip. At the rectangular base of the PCB, a custom RC filter stage

3 West Bond 7476E, WEST BOND Inc., 1551 South Harris Court, Anaheim, CA 92806-5932
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5. Integrating CNTs into electrical circuits by nanoassembly

Figure 5.4.: Overview of sample holder, cantilever holder and transfer arm. a PCB with 24 DC lines
and 3 RF lines (representation inspired by [64]). Red: Position to glue and microbond the circuit chip, orange:
PCI connectors to electrically connect the PCB to SEM and cryostat setup, blue: RC-filter stage, green:
Resistors in the DC line as part of the bias-Tees to block RF and grey: RF connectors and inline capacitors as
second part of the bias-Tees to block DC in the RF line. b Cantilever holder with connector on the right to
be inserted into the cantilever transfer arm (not shown) and front with black carbon tape to pick up the
cantilever chip. ¢ PCB inserted into full sample holder with banana plugs and SMP connectors. The sample
holder is screwed to the sample holder vacuum transfer arm. Green: PCB of vacuum transfer arm to ground
the DC lines during transfer.

can be implemented by choosing suitable SMD capacitors and resistors. We typically
choose C = 1nF and R = 1-100 kQ which results in a RC-time constant of 1-100 us. To
decouple DC and RF, bias-Tees have been implemented. They consist of a capacitor in the
RF line to block all DC components and a resistor in the DC line that sufficiently attenuates
RF signals. For more details on the bias-Tees see [64]. The DC electrical connections to
the cryostat, SEM, or transfer arm are made via PCI plugs, and the PCB contains special
connectors on each side of the rectangular base. Each connector has 6 lines on the top
side and 6 lines on the bottom side. The connectors on the front part of the PCB and the
rear part connect to the same lines. The sample holder is plugged to the transfer stage in
the SEM and the mK stage in the cryostat with the front connectors of the PCB, while the
rear connectors allow for grounding of the PCB during transfers between the SEM and the
cryostat to avoid electrostatic discharge issues. For this purpose, the transfer arm contains
PCI plugs that are grounded via 500 k<2 resistors. For RF connectivity, SMP connectors are
used, which are only plugged in the cryostat, and each sample holder is equipped with
coaxial cables, linking these connectors with the PCB. The whole PCB is mounted inside a
copper barrel, which is equipped with banana plugs on the front side to be able to plug the
sample holder into the transfer stage of the SEM or the cryostat. In addition to mechanical
support, they also ensure proper grounding of the sample holder and thermalization at
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mK temperatures. The rear side of the sample holder contains a threading that is required
to screw the rod of the vacuum transfer arm to the sample holder for the transfer between
the different setups.

5.2.2. Custom SEM for nanoassembly

The scanning electron microscope is a Zeiss Sigma 30(ﬂ and is operated using the InLens
secondary electron detector at an acceleration voltage of 8 kV during transfer to limit
hydrocarbon deposition (cf. chapter [3).

Custom SEM stage

Instead of using a standard sample holder, the SEM is equipped with a custom CNT transfer
stage (cf. figure providing a plugging mechanism for the cantilever holder and the
sample holder. The cantilever holder is plugged to a connector that is mounted on top of a
piezostageﬂ that combines x, y, z-motions and the two angles ©,, ®, around the x-axis to
tilt and around the z-axis to rotate the cantilever holder. The transfer stage is mounted
on top of the SEM stage, which can move and rotate the transfer stage as a whole. The
independent local movement of the cantilever holder with the piezostage and the global
movement with the SEM stage allow us to align the cantilever chip with the circuit chip
with electron microscopy precision. The electrical connections to the piezomotors and
the 24 DC lines come in the form of cables connected to plugs mounted at the door of the
SEM chamber. For this reason, displacements and rotations have to be performed carefully
to avoid pinching of the cables. The DC lines end in a breakout box which allows us to
connect individual DC lines to BNC cables, while each line comes with a switch to change
the potential of the line between floating, ground or ground via a resistor of 470 (ﬁ To
give rise to radiative thermal annealing, which is a method we use to improve the CNT
metal contact after the transfer, a 70 W halogen lamp has been installed on the side of
the e-beam column. The lamp is surrounded by a tantalum shield and has two electrical
connections that are connected to a voltage source controlling the heating power.

Measurement electronics

The in-situ measurement of contact resistances and application of voltage to induce a
current through the CNT junctions are performed with an ADwin Gold I which is a
computer-controlled real-time data acquisition system. It features 8 analog outputs and
16 analog inputs, which can be controlled by a computer that is connected to the ADwin

4 Carl Zeiss AG, Carl-Zeiss-Strafle 22, 73447 Oberkochen

> SmarAct GmbH, Schuette-Lanz-Strasse 9, 26135 Oldenburg

Due to a confusion, resistors of 470 Q were accidentally implemented instead of the targeted 470 kQ,
without any negative impact

7 Jager Computergesteuerte MefStechnik GmbH, Rheinstraf3e 2, 64653 Lorsch
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5. Integrating CNTs into electrical circuits by nanoassembly

Figure 5.5.: Overview of the setup in the SEM. Left Custom transfer stage designed by Tino Cubaynes.
Right Cantilever chip tilted during transfer. Bottom Heater setup (from [37]). Legend: a) E-beam column,
b) Tantalum shield, ¢) Halogen lamp, d) PCB with circuit chip (dark), e) Cantilever holder with cantilever
chip (pink), f) Piezostage.

via an ethernet connection. Each port comes with a voltage range from -10V to 10 V.
The output ports have a resolution of 16 bits that determine the minimum voltage step
to 20 V/216=305 nV, while the input ports have a resolution of 18 bits with a minimum
voltage step of 20 V/2!8=76 1V, respectively.

For in-situ CNT transport measurements, we typically use one output port and a resistor
in series to protect the CNT and connect to a DC line that leads to a CNT junction. On the
other side of the junction we connect a transimpedance ampliﬁerﬂ The purpose of the
transimpedance amplifier is to convert and amplify the current flowing through the junc-
tion into a voltage, which can then be measured at an input port of the ADwin. Eventually,
another output port is used to control a gate electrode or a set of gate electrodes.

On the software side, the nanoqt framework is used. It was developed at the Néel Institute
in Grenoble by Edgar Bonet, and designed for low-frequency real-time electronic transport
measurements with the ADwin system. It is JavaScript-based and offers some built-in
filtering options and a lock-in. The basic program used for CNT transfer and contact
characterization measures the current as a function of time and consists of three different
modules. (i) Monitoring: Measuring the current as a function of time at constant Vi
and Vj, (ii) ramping Vy4: Measuring the current as a function of time while ramping the

8 Low Noise High Stability I to V Converter SP983c IF3602, Basel Precision Instruments GmbH, Miilhauser-
strasse 113, 4056 Basel, Switzerland. Gain used: 10°

106



5.2. Setup and transfer process

bias voltage for a constant gate voltage and (iii) ramping V,: Measuring the current as a
function of time while ramping the gate voltage V, for a constant bias voltage V.

5.2.3. Transfer process workflow

In this section we will show how we transfer the CNTs and discuss the nanoassembly
workflow. During the PhD project, several parts of the process have been modified and
improved, which we will discuss in detail in the later sections. Here, we restrict ourselves
to the final workflow, including the contact improvement techniques.

1. Preparation of cantilever chip:
a) Growth of CNTs on cantilever chips following section

b) Transfer of a cantilever chip into the SEM vacuum chamber with a vacuum
transfer arm.

c¢) Localization of CNTs: Cantilever imaging to check for single CNTs with low
SEM contrast at the tip of the cantilevers. If there is no suitable CNT, another
cantilever is loaded.

2. Preparation of the circuit chip:

a) An individual circuit chip is freshly cleaned up or taken from a storage vacuum
flow box.

b) The circuit chip is glued with PMMA to the PCB of the sample holder and
microbonded.

¢) Argon milling is performed to remove oxygen-containing species and organic
residues removing the top few nanometers of the electrode surface.

d) The sample holder is mounted to the transfer arm, the transfer arm connected to
the SEM, pumped, and the sample holder transferred to the SEM. Air exposure
is restricted to a minimum, usually around one minute.

e) The connectivity of the electrical lines is controlled by applying a bias voltage
on each line and checking for a SEM contrast change.

3. CNT transfer:

a) Alignment of the cantilever pair with respect to the selected suspended CNT
and the transfer position on the circuit chip. The cantilever chip is tilted by
25-35° to lower the cantilevers into the trench.

b) A bias voltage of 4V is applied at the two outermost electrodes and the current
to the next inner electrodes is measured. This biasing scheme allows for contact
detection regardless of which side the CNT touches first.
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c) Approaching the cantilever chip with the CNT to the circuit chip. The distance
between the focal plane of the CNT and the focal plane of the substrate on the
circuit chip can be tracked with the SEM on a section of the CNT that is far
away from the final devices. The electrical contact between the CNT and the
contacts manifests itself as an onset in current through the outermost CNT
junctions.

d) First contact improvement by current annealing: With a 1 MQ resistor in series,
the voltage is ramped to the maximum voltage of 10 V without cutting the CNT.
The contact is checked and the current is ramped to +10 V on each junction.

e) Cutting the CNT on the outermost cutting sections: A high current is driven
through the outermost cutting sections, which is sufficient to break the CNT by
Joule heating. The cantilever chip is then retracted.

4. Contact characterization and current-induced annealing:

a) Isolating CNT junctions: The CNT still connects different junctions that need
to be isolated. A high current is driven through the junctions, and the CNT
metal contact is carefully improved (current-induced annealing) before cutting
the respective CNT junctions.

b) Careful current-induced annealing of the important junctions.

c¢) Characterization of the room-temperature gate voltage dependence of the junc-
tions.

5. Radiative-thermal annealing (RTA):

a) Further improvement of the contact resistance by heating the circuit chip glob-
ally with the halogen lamp at two different powers.

b) Measurement of the resistance and gate voltage dependence between the heating
steps.

c) Ifthe room-temperature resistance of a SQUID is less than 25 kQ (single-junction
resistance less than 50 kQ2) and the gate voltage dependence is consistent with
a single CNT, the sample is worth being measured in the cryostat.

5.2.4. Current-voltage characteristics of suspended CNTs

The current-voltage characteristic is key to evaluate the CNT metal contact and to gain an
understanding of the electronic transport through the CNT.
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First contact

A typical current trace of the first contact is shown in figure when we transfer a CNT
and apply a bias voltage of 4 V. A mechanical contact results in a current step. The height
of the current jump already gives some first indication on the quality of the contact. When
the electrode is contaminated, the height of the jump is drastically reduced (cf. figure
[5.6b). An increase in the voltage and a sweep to negative voltages give us information
on the low bias voltage transport (cf. figure [5.6f). Ideally we would like to obtain perfect
ohmic behavior (i.e. a linear I-V characteristic). However, depending on the contact barrier
height, we observe either a small change in slope or a plateau with negligible current,
which can extend up to a few volts. The origin of the contact barrier has been discussed
in chapter and is mainly determined by the Schottky barrier due to mismatch in
work function, surface contamination serving as an insulating barrier, or insufficient metal
wetting of the CNT. Differentiating between the individual contributions is rather difficult,
and the objective was to reduce the contact barrier globally.

Cutting CNTs

When we increase the applied bias voltage and drive a higher current through a suspended
CNT junction, at some point its maximum current is exceeded and the CNT breaks,
manifesting itself as a current drop to zero. The CNT junctions are cut mainly in the
center, which is the thermally most isolated part. This would point towards Joule heating
as the dominant cutting mechanism. The number of distinct cuts gives information on
the number of individual CNTs. If there is more than one cut, the CNT is likely to be a
bundle or multi-walled (cf. figure [5.6¢). However, the current measured during cutting
depends on the ramping speed of the voltage. When ramping the voltage very slowly
(rate of 0.1 V/10 s or slower) or waiting at the cutting voltage, the current usually does not
decrease in a single step, but rather in a continuous evolution (cf. figure [5.6f), indicating
that the CNT does not break abruptly. The microscopic origin is unclear, but it could be
related to defects in the sp-lattice structure that affect the room-temperature electrical
and mechanical properties.

A particular feature of the I-V characteristic is the current saturation and negative differ-
ential conductance shortly before the CNT breaks. The maximum current depends on the
length of the CNT junction. The shorter the CNT, the better the central part is coupled to
the contacts and the higher the maximum current it can sustain. For multiple junctions
made of the same CNT with an identical suspension length, the maximum current is
approximately the same.

The origin of the negative differential conductance has been attributed to the scattering
with phonons [185, 186]]. This was supported by experiments where suspended CNTs
are exposed to gas atmosphere and heat can dissipate more easily, resulting in a higher
saturation current with increasing gas pressure [187]. An even stronger dissipation
can occur when the CNTs touch the substrate and in this case a negative differential
conductance is not observed at all. The negative differential conductance has been modeled
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Figure 5.6.: Current-voltage characteristics of transferred CNTs (a-d with 1 MQ resistor in series, e,f
with 1kQ resistor in series). a Establishing the CNT metal contact. A constant voltage is applied (grey)
and the contact is visible as a jump in current (blue). b Contact formation for a bad contact. The contact
jump is lower and the current fluctuates. ¢ I-V characteristic of an ohmic contact (dashed) and a high
contact resistance around zero bias voltage, visible as a plateau of negligible current. d Contact formation
with polluted circuit chip surface. The current fluctuates and the CNT cuts well below 1 pA. e Cutting a
well-coupled CNT. The current first saturates and then develops a negative differential conductance before
cutting in multiple steps. Note that the small offset at 0 V from the transimpedance amplifier has not been
removed. f Time evolution of the CNT cutting. The cutting is performed more slowly than for e and the
conductance degradation is more continuous.

in [188]] where they assume a scattering with non-equilibrium, high-temperature optical
phonons at high bias voltage. The optical branches involved in scattering with electrons
possess a small DOS and their population can build up quickly if dissipation into other
modes or the substrate is limited, as is the case for suspended CNTs.
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However, the observation of negative differential conductance requires sufficiently well-
connected CNTs. For a bad contact, when the contact resistance is high, the CNT breaks
before reaching the negative differential conductance. A possible explanation could be
that the large contact barrier for electrons also implies a very weak thermal coupling
for phonons between the CNT and the contact electrodes. Because dissipation into the
contacts is negligible, the phonon population builds up too quickly to be able to measure
it before the CNT is cut.

In the case of very bad contacts, the CNT contact is very switchy, and the CNT cuts
well before we can drive some high current through the CNT to improve the contact.
For example, this occurred repeatedly when there was some organic contamination in
our vacuum storage box (cf. figure [5.6d). We believe that in these cases the contact
could improve suddenly, resulting in an abrupt increase in current through the CNT. This
increase would lead to a strong non-equilibrium electron-phonon scattering cutting the
CNT directly on a time scale that is not resolvable with our measurement setup (50 Hz
acquisition rate).

5.3. Contactimprovement techniques - Overview

A low CNT metal contact resistance is essential to enable electronic transport at low bias
voltage, and thus a key requirement for proximity-induced supercurrent. The I-V curves
of transferred CNTs commonly feature a plateau with negligible current and very high
contact resistance beyond 1 MQ around zero bias voltage, making any superconducting
measurement impossible. Current-induced annealing can improve the contact. At a
higher bias voltage of 1V though, the resistance can already reach a good value between
150-250 kQ. However, this is still far beyond the device resistance (contact and channel
resistance) of ~ 30-50 kQ required for observing a supercurrent through CNTs. Therefore,
one of the key challenges of this PhD project was the reduction of the contact resistance.
Since it is not possible to isolate the contact resistance from the channel resistance in
resistance measurements, we always compare the total device resistances. In this section,
we first want to motivate all the different contact improvement strategies that have been
tested in our subgroup, before discussing in detail the ones we continued to pursue.

Surface treatment

It is obvious that the surface should be as clean as possible, since any contamination would
result in an additional tunnel barrier at the CNT metal contact. The contact material was
mainly palladium. However, even for clean palladium surfaces, the adsorption of oxygen-
containing species or oxidation can occur with the result of a modification of the work
function and an increase in contact resistance. The interaction between a palladium surface
and oxygen from air has been investigated in [61] by X-ray photoelectron spectroscopy
combined with argon milling as surface preparation. Within a few seconds, carbon
compounds adsorb on the palladium surface, while oxygen-containing species can be
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Figure 5.7.: Scanning electron micrograph of two contact improvement techniques. a Heating by
current driving. The aluminum electrode could be cut with a molten range of 1 pm as becomes visible by
the roughness change. However, there was no easy control of this range. Scale bar: 300 nm. b Engineered
artificial fences fabricated by Tino Cubaynes, scale bar: 600 nm.

detected within minutes on the surface. The chemical oxidation processes occur on
a longer time scale beyond one hour with the formation of C-O bonds and palladium
oxidation. Moreover, the oxygen concentration was only detected within the top 3-4 nm
which is ideal for removing the top layer by argon milling. The only drawback is the
increase in surface roughness, which did not result in a worse contact resistance for us even
for 8 nm etching. Therefore, we implemented the argon milling process successfully.

Circuit design

The design offers flexibility in electrode width and electrode shape which can be exploited
to thermally decouple the transfer section more efficiently. This would potentially allow
for higher temperatures when driving a high current through the CNT to anneal the
contact. For this purpose, we tested electrodes of different widths ranging from 50 nm
to 800 nm before introducing the argon milling step, but could not find clear evidence
for contact improvement for smaller widths. A more innovative approach resulted in the
fabrication of dedicated fences on top of the electrodes, but likewise we did not measure a
significant reduction of the contact resistance for these chips compared to flat electrodes
(cf. figure [5.7b). For the final contact improvement process on flat electrodes, a lower
contact resistance was found for electrodes of a width of 800 nm than for 400 nm wide
electrodes. Overall, we can conclude that there might be a small influence of the contact
width on the contact resistance which can assist in reducing the contact resistance but the
effect is too weak to reach a low contact resistance on its own.

Post-transfer heating

With the argon milling we could obtain a contact resistance of about 100-250 kQ2 at a low
voltage of 0.1V, which is still too high and requires further improvement. Our main ideas
were inspired by the post-fabrication top growth and the post-growth fabricated
samples 32], where a high supercurrent could be achieved by establishing the CNT
metal contact in a hot environment (evaporating hot metal on CNTs or growing CNTs on
metal at CVD temperatures). In contrast to these methods, nanoassembly is performed at
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room temperature and the current on the order of pA that can be driven through a CNT
lets us assume that the contact temperature is well below these temperatures. Therefore,
a post-transfer heating was pursued. In combination with palladium as a top electrode
material, the authors in [61,|172]] could show that a mild heating at 220-250 °C already led
to a significant contact improvement. Several techniques have been tried, which are listed
below:

1. Heating by current driving: In principle, the contact electrodes could be heated by
driving a high current (~ mA) through them, much higher than it would be possible
through the CNT, and by designing a constriction close to the transfer position the
contact area could be heated locally. As shown in figure , electrodes could be cut,
but the cutting and melting lack reproducibility and the technique was discarded.

2. Laser heating: Another approach was based on heating the circuit chip with a laser
as tested in [[190]. However, also this method was not easy to control and lacked
reproducibility.

3. Radiative thermal annealing (RTA): We implemented a halogen lamp inside our
SEM to heat the chip globally. This technique was controllable and successfully
implemented.

Variation of the contact material

As discussed in section[2.2.2] it is essential that the work function of the metal is comparable
to the work function of the CNT. We mainly used palladium, but we also tried gold and
platinum as noble metals with high work function. Gold was only quickly tested at the
beginning (before introducing the argon milling and radiative thermal annealing) and
was found to give slightly worse contact resistance than palladium which could be due to
inferior wetting, but it was not investigated in detail. Platinum was only tested at the end
and gave contact resistances comparable to palladium (cf. section[5.4.5).

The direct use of a superconductor without an additional top contact material would
increase the proximity-induced supercurrent, which motivated us to try molybdenum and
molybdenum rhenium without an additional top layer. Molybdenum is known to form
carbides with CNTs at elevated temperatures with low contact resistance [48]]. The problem
with molybdenum-based electrodes is the surface oxide that can lead to an additional
insulating tunnel barrier or change the metal work function, which results in a large
work function mismatch, both deteriorating the CNT metal contact with too high contact
resistance at low bias voltage. We did not observe a substantial resistance decrease with
our final annealing techniques. Argon milling could not improve the high initial contact
resistance. Current annealing did not provide sufficiently high temperatures of ~ 800 °C to
induce carbide formation, also when globally heating the circuit chip with the halogen
lamp in the SEM at moderate temperatures of < 300 °C. Heating at ~ 800 °C would not be
compatible with our sample holder and would have required the sample to be removed,
heated, and rebonded after heating, which would be too dangerous for the transferred
CNT. Likewise, it would require air exposure and interrupt the full vacuum process.
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Overall, our nanoassembly technique requires a top contact material with high work
function, where palladium and later platinum worked best and were used as top contact
materials in the devices measured in this thesis.

5.4. Final contactimprovement process

Our final contact improvement strategy presented in [37] comprises surface pre-treatment
with argon milling and a two-step annealing process in the SEM vacuum chamber at
~ 107% mbar. The first step is current-induced annealing by driving a high current through
the CNT, and the second step is radiative thermal annealing (RTA), where the circuit chip
is globally heated with the thermal radiation of a halogen lamp.

5.4.1. Argon-milling surface pretreatment

After cleaning the circuit chip, we perform an argon milling using a Kaufman sourceﬂ ata
low beam voltage of 200 V to remove the top 5-8 nm of palladium or platinum. As shown
in [61], 4 nm would have been sufficient to remove the oxygen-containing palladium top
layer, but a higher etch depth did not result in worse contact resistance. A variation of the
etch depth is even beneficial in tuning the final Pd/Pt thickness to potentially increase the
superconducting proximity effect. The effect of argon milling on the contact resistance of
palladium contacts at a bias voltage of 1V is shown in figure We can conclude that
argon milling is a successful pretreatment to lower the contact resistance. The effect is
even more drastic at a low bias voltage of 0.1 V where we could rarely measure a resistance
below 1 MQ without argon milling but around 200 kQ2 with argon milling (resistance values
after current annealing).

5.4.2. Current-induced annealing

The current annealing is shown in figure When contacting a junction for the first
time with a resistor of 1 MQ in series and the CNT is not yet electrically connected, a
certain bias voltage is required to measure a current. With an increasing bias voltage, the
current can fluctuate, indicating a modification of the CNT metal interface which could
be related to diffusion processes, local rearrangements of the atoms, or a change in CNT
wetting. These processes are most likely thermally activated and usually occur at a higher
bias voltage. Sometimes, a further modification is visible if we just wait at a high bias
voltage, as shown in the inset. On the decreasing voltage ramp, the slope, in particular at
low bias voltage, has improved, and the first current annealing has reduced the contact
resistance.

® Kaufman KDC 40 Ion Source, Kaufman & Robinson Inc., 1330 Blue Spruce Dr, Fort Collins, CO 80524, USA
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Figure 5.8.: Influence of argon-milling pre-treatment on palladium electrodes. Device resistance
distribution of samples with and without argon milling (Device resistances averaged per sample, comprising
only samples with device resistances of R < 1 MQ measured at 1V bias voltage, in total 14 samples without
and 29 samples with argon milling). Figure from [37]).
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Figure 5.9.: Current-induced annealing. (replotted from [37]]) a Trace-retrace cycle during the first
current-induced annealing step with 1 MQ in series. The inset shows the time evolution of the current
between the trace and the retrace. b I-V curves measured before and after the second current-induced
annealing step. The current measured during this annealing step is shown in the inset.

For further improvement, the 1 MQ resistor is removed and the CNT is driven into the
negative differential conductance. However, this is risky as the CNT might get cut, and
therefore, we only go beyond the maximum current for cutting sections. We find that the
contact resistance decreases most significantly after annealing in the negative differential
conductance region (cf. figure [5.10). Following the argument with the phonon scattering,
the CNT lattice should have the highest temperature in this regime, which would boost
the local diffusion processes.
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Figure 5.10.: Current-induced annealing of an ancillary junction with particular low device resis-
tance. The annealing is performed by repeatedly driving strongly into the negative differential conductance
and waiting for some time. For each iteration, the junction bias voltage is slightly increased and the CNT
more strongly driven into negative differential conductance. Red color indicates the current measured, grey
color the applied voltage and blue color the resistance measured between the annealing steps.

5.4.3. Radiative thermal annealing (RTA)

After the current-induced annealing of the individual junctions, we heat the circuit chip
globally with the thermal radiation of a 70 W halogen lamp at a distance of 5 mm.

Heating procedure

The heating procedure has been calibrated by monitoring the current flow through an
ancillary junction during the heating. This allowed for an in-situ measurement of the
contact resistance. The final RTA process consists of two distinct heating steps at a lamp
power of 5.6 W and 11 W. Heating beyond 11 W did not further improve the contact and
a device exhibited increased disorder at low temperatures. Different heating durations
between 5 min and 45 min have been tested. Usually, the pressure of the vacuum chamber
starts to increase after ~ 5 min and there is only small change in resistance below 5 min.
This indicates that the circuit chip takes some time to heat up. The in-situ current mea-
surement on ancillary junctions allows us to track the temperature change (cf. figure[5.11).
In these measurements, we observe a current saturation for a heating time beyond 30 min,
and therefore, we conclude that 30-45 min should be sufficient. The current change is a
superposition of the contact improvement and a current that depends on temperature
and diminuishes when the circuit chip cools down. We associate this current with some
thermoelectric effect occurring at metal junctions in the circuit, which is supported by the
fact that the sign and magnitude of the thermocurrent depend on the electrode materials of
the circuit chip. In contrast to current-induced annealing, the contact improvement occurs
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Figure 5.11.: Monitoring a junction during RTA. Current measured in an ancillary CNT junction during
the two steps of RTA at a bias voltage of 0.1V (replotted from [37]).

in a more continuous process, suggesting a slow modification of the contact interface.
We measure the room-temperature resistance and gate voltage dependence before and
after each heating step when the circuit chip has cooled again to evaluate the contact
improvement.

Estimation of temperature

A temperature measurement at the circuit chip surface is not straightforward. One might
think of using a thermocouple, but this simple measurement does not take into account
the thermal dissipation through the substrate of the circuit chip and the sample holder.
We therefore rely on the melting temperature of aluminum bond wires to get an upper
bound for the substrate temperature. As illustrated in figure heating tests have been
performed on bond wires at a pressure in the low 107> mbar range for different lamp
powers for 30 min each. RTA at 26.2 W leaves the wires almost unchanged and only the
surface is partially molten, while RTA at 29.5 W is sufficient to completely melt the wires.
These heating powers must be set in reference with the melting temperature of bulk
aluminum of 660 °C. If we assumed a linear relationship between the heating power and
the surface temperature of the circuit chip, a heating power of 11 W would correspond to
200-300°C and 5.6 W to 100-150 °C. For CNTs transferred onto palladium and annealed in
an oven with comparable temperature ranges, a significant contact improvement has been
reported [61, [172]. However, it should be noted that our temperature ranges are rough
estimates, and the exact surface temperature strongly depends on the metal and circuit
design. Nonetheless, these temperatures are well below the temperatures involved in the
CNT post-fabrication top growth technique of 800-900 °C [36] or the temperatures of 800 °C
required to form CNT metal covalent bonds (MoC [48], or TiC formations [49, 50]). RTA
does not impose high temperature resilience on superconducting circuit materials, making
it a versatile technique compatible with quantum technologies. However, we found that
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5. Integrating CNTs into electrical circuits by nanoassembly

Figure 5.12.: RTA temperature calibration. SEM image of a circuit chip with aluminum bond wires. a
Before RTA, b After RTA at 26.2 W, ¢ After RTA at 29.5 W. Scale bar: 50 um. From

the standard two-step RTA process is not compatible with aluminum as a contact electrode
material for CNT devices (cf. appendix[A.2).

Resulting device resistances

A summary of the device resistances is shown in figure for 27 samples before RTA
and after RTA at 5.6 W and 11 W. The devices have been current annealed prior to heating.
RTA reduces the device resistance substantially. The median resistance before RTA is
210kQ, after the first step it decreases to 92kQ, and reaches a value of 49 kQ after the
final heating step. There are even three samples with an average device resistance below
30kQ. We further find that RTA is more effective when the I-V characteristic exhibits
ohmic behavior after current-induced annealing. If we observe a plateau of negligible
current or a strong change in slope at low bias voltage and a resistance greater than 1 MQ
at 0.1V, the effect of RTA is limited, and therefore, these samples were excluded from the

data in figure

Overall, this highlights that the combination of argon milling, current-induced annealing,
and RTA is necessary to reach low resistance values. For devices with different electrode
widths fabricated from the same CNT, we find that the effect of RTA is influenced by
the electrode width. As expected for 800 nm electrode width, we observed slightly lower
device resistance (about 25 %) than for 400 nm wide electrodes in the two samples where
the electrode width was varied.

5.4.4. Gate voltage dependence

The transport properties of the CNT devices can be further investigated at room tempera-
ture by tuning the gate voltage, which affects the chemical potential in the CNT. At room
temperature, the thermal energy can be large enough to overcome the charging energy
and the quantum level spacing, and sharp current features are smeared out. Nonetheless,
the band gap of CNTs can be probed and we can differentiate between quasi-metallic CNTs
with no dip in conductance, narrow gap CNTs with a dip, and true semiconducting CNTs
where the conduction is true zero in the band gap, as shown in figure If the gate
voltage dependence shows additional dips or several kinks, the gate voltage dependence
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Figure 5.13.: Evolution of the device resistance during the RTA process. 27 samples with palladium
top layer are characterized at a bias voltage of 0.1V (only for samples with initial device resistance less than
1 MQ, device resistance averaged per sample, including contact and CNT conductance channel resistance). a
Traces for individual devices. Note, that some devices have only been heated at low power. b Boxplot of the
device resistance. The box shows the interquartile range, the line the median, the whiskers 1.5 times the
interquartile range and circles outliers.

cannot be explained by a single CNT and it is likely that there are multiple CNTs suspended
over a junction [30]. These can be bundles or multi-walled CNTs and the total current
can be approximated by the sum of the individual CNTs. For obvious big bundles, we
often observe a flat gate voltage dependence, ressembling that of single metallic CNTs.
We find the lowest contact resistance and cleanest low-temperature transport spectra in
CNTs with narrow-gap gate voltage dependence and target those for the superconducting
devices.

Another parameter that can be inferred from the gate voltage dependence is potential
contamination. For this purpose, we sweep up and down the gate voltage and look for
hysteresis that can be induced by potential contamination, such as adsorption of gaseous
species [30]. With our nanoassembly technique, strong hysteresis has never been observed,
which is another indicator of the cleanliness of our devices.

Most of our nanoassembled CNT devices show ambipolar or weak p-type transport be-
havior after current-induced annealing, characterized by a minimum around zero gate
voltage and comparable electron (n-type) and hole (p-type) transport. This is in contrast
to the other non-vacuum fabrication techniques [31], where p-type transport behavior
is much stronger. Thermal annealing is found to modify the gate voltage dependence.
For all palladium devices, we observe a transition of the CNT transport behavior from
ambipolar to unipolar n-type. In addition, the center of the semiconducting gap shifts
towards negative gate voltages for some devices.
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Figure 5.14.: Different examples of the room-temperature gate voltage dependence. In all examples,
the trace (upward sweep of V) and retrace (downward sweep of V;;) overlap, no hysteresis can be measured
as typical for our nanoassembled CNT devices. a Flat gate voltage dependence as typical for metallic CNTs
or a superposition of many CNT channels (Vig = 0.1V). b Narrow gap gate voltage dependence with a
pronounced dip (Viq = 0.1 V). ¢ Gate voltage dependence of a semiconducting tube (Vig = 2V)
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Figure 5.15.: Gate voltage dependence evolution at the different radiative thermal annealing steps.
The devices were measured at 0.1V with 3kQ in series. a Device from sample SC3, b Device from sample
DQD-EA1 replotted from [37]], ¢ Device from sample MoRePd9B2 with particular high p-type transport
before RTA.

The change in gate voltage dependence during RTA can be due to doping [[192,(193]] or a
modification of the work function mismatch between the top electrode material (palladium
or platinum) and the CNT during the heating process. The situation in both cases is
represented in figure We start with the situation [5.16a and assume the metal work
function to be slightly higher than the work function in the semiconducting CNT.

When the contact between the CNT and the metal is made, there will be an additional
barrier for electrons at the contact interface, while the barrier for holes is reduced. This
manifests itself as a higher current on the hole side and a lower current on the electron
side. Assuming that the metal work function is reduced during RTA (or the work function
in the CNT increased), as shown in[5.16p, electron transport can be favored with respect
to hole transport at the interface with the result of a higher electron current compared to
hole current. Since the situation in the center is drawn at zero gate voltage, the energy
levels of the quantum dot above the conduction band and below the valence band are
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Figure 5.16.: Schematics to explain the change of the gate voltage dependence during RTA. Left:
before contact, center: contact, right: I,4-V; characteristic at constant V4. a Initial situation with the metal
work function larger than the work function of the CNT (® > ®cnr). b Situation when the RTA decreases
the metal work function. ¢ Situation when pure doping (no work function mismatch without doping) is
involved. Shown only for n-doping, p-doping would lead to a minimum shift in the other direction.

symmetric around zero gate voltage and the current minimum is around zero gate voltage.
The situation is fundamentally different for pure doping of the CNT. In case of n-doping
(cf. figure ), the electrons and holes face the same contact barrier and the current
increase is symmetric around the minimum. However, this minimum is shifted towards
positive gate voltage since the Fermi level needs to be pulled down to be centered between
the valence and conduction bands.

Nonetheless, a distinction between the two mechanisms doping and modification of the
work function mismatch is not always straightforward. In particular, for narrow-gap CNTs
at room temperature, electron and hole conduction cannot be completely separated, and
the minimum can also be shifted when work function modification is involved. It is also
possible that the two processes are involved at the same time.

The change in the work function mismatch could be related to adsorption or desorption of
gaseous species on the contact material (palladium, platinum) or the CNT itself. In fact, the
transition from p- to n-conduction is consistent with a decrease in the metal work function
during thermal annealing. Common gaseous species could be oxygen that is removed
during argon milling but can re-adsorb during the transfer of the circuit chip to the SEM
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5. Integrating CNTs into electrical circuits by nanoassembly

vacuum chamber (minimum time ¢ > 1min) and desorb during RTA, or hydrogen that
could cover the CNT after the growth. Both oxygen and hydrogen are known to modify
the work functions of palladium and platinum. Oxygen adsorption increases the work
function of both platinum and palladium [194}195]. For palladium, an increase in the work
function of 0.18 eV is reported for hydrogen exposure, while the increase in work function
for oxygen is estimated to be at least 3 times higher [196]. The situation for hydrogen
in platinum is less clear, as at room temperature most of the adsorbed hydrogen already
desorbs and the work function does not show any change beyond 320K [197, 198]]. As
both oxygen and hydrogen can modify the work function in the same direction, it is hard
to distinguish between the two, and a detailed study would require a full vacuum transfer
of the circuit chip after argon milling.

Particular insight in the modification of the gate voltage dependence could be gained from
the last sample measured in this thesis with a platinum top layer. The platinum sample
was characterized before the transfer to the cryostat (cf. figure [5.17a,c) and had to be
warmed up due to technical issues with the cryostat. It was remeasured in the SEM setup
after air exposure and another set of annealing was performed (cf. figure[5.17b). The air
exposure shifted the minimum of the gate voltage dependence and the device is slightly
p-type transport dominated after air exposure (cf. figure[5.17p,d).

It is very interesting that the gate voltage dependence of the two SQUIDs with SQUID8&00
(800 nm electrode width, 500nm CNT suspension length, figure [5.17b) and SQUID400
(400 nm electrode width, 350 nm CNT suspension length, figure [5.17d) was affected differ-
ently after air exposure. The two SQUIDs have only slightly different CNT suspension
lengths but differ by a factor of two in electrode width, which makes it likely that the
different behavior after air exposure has its origin in the contact and not the CNT. Indepen-
dent of the initial gate voltage dependence, heating shifts the minimum to negative gate
voltages and enhances n-type transport. At the end of the RTA process, we could even
recover the initial minimum position before air exposure. During exposure to air, oxygen
could adsorb on the CNT or the contacts and the change in gate voltage dependence during
RTA could be explained by oxygen desorption from the CNT itself, changing the doping
or its work function [[199] or the contacts, modifying the metal work function. Again, on
the basis of the data, it is hard to conclude which of the processes dominates.

At the end of the second annealing process, we could not only restore the minimum of
the gate voltage dependence, but we could even achieve a device resistance slightly lower
than that obtained after the first annealing process. This could be partially due to the
longer heating time at 11 W. Nevertheless, it shows that RTA can potentially help reset
CNTs and to degaz adsorbates, which is very interesting in the future when we plan to
put single-molecule magnets on CNT-SQUIDs because it allows us to potentially recycle
CNT-SQUIDs. In particular, with the non-deterministic evaporation of molecules on CNTs,
this could become a very powerful tool.
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Figure 5.17.: Gate voltage dependence evolution during RTA of devices with platinum top layer
(sample SC5). a First RTA cycle before cooldown (45 min at 5.6 W and 45 min at 11 W, SQUID800). b
Second RTA cycle (40 min at 5.6 W and 60 min at 11 W, SQUID800) after the warmup of the sample before
re-cooldown. ¢ Comparison between the two SQUIDs before cooldown (800 nm wide electrodes, solid
line and 400 nm wide electrodes, dashed line). d Second RTA cycle (40 min at 5.6 W and 60 min at 11 W,
SQUID400) after the warmup of the sample before re-cooldown.

5.4.5. Comparison of platinum and palladium as contact material

So far we have only discussed the statistics of devices with palladium top material (unless
indicated otherwise). The last sample measured during this thesis was fabricated with
platinum as a top layer and included the device with the highest supercurrent measured
(of 3-4nA). The RTA statistics of this sample are compared with palladium in table
and plotted in figure [5.17c. Current annealing was slightly more effective for the device
SQUID400 (400 nm electrode width, 350 nm CNT suspension length) than for the device
SQUID800 (800 nm electrode width, 500 nm CNT suspension length). However, RTA is
significantly more effective for the device SQUID800 with wider contact electrodes.

The I-V characteristic exhibits almost perfect ohmic behavior as rarely observed for
palladium, but the resistance at 0.1V after current annealing was still relatively high with
an average value of 356 kQ for the two measured junctions. The final room temperature
resistance after RTA of a single junction was 32kQ and 42 kQ for 800 nm wide electrodes
and 400 nm wide electrodes, respectively. This shows that RTA (in particular at 11 W) is
also very efficient for platinum, while current annealing might be less effective for platinum.
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5. Integrating CNTs into electrical circuits by nanoassembly

Table 5.1.: Comparison of the median device resistance. Measured before (0 W) and after the RTA steps
at 5.6 W and 11 W at a bias voltage of 0.1V for palladium contact top material (27 samples) and platinum
contact top material (1 sample)

| oW 56W 11W

Pd (27 samples) | 210kQ  92kQ 49kQ
Pt (1 sample) | 356kQ 97kQ 37kQ

To better understand the modification of the gate voltage dependence in platinum, we
also measured the evolution of the gate voltage dependence with RTA. As shown in
figure the minimum of the gate voltage dependence is at constant gate voltage, and
the device transitions from ambipolar to n-type transport, as well, which is consistent
with the explanations above. In chapter we have discussed the different wetting
properties of platinum and palladium. With the samples fabricated so far, both materials
seem to be equally well suited for achieving low contact resistance. However, with respect
to proximity-induced superconductivity, it might be favorable to choose platinum over
palladium due to its lower magnetic susceptibility [200].
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6. Cryogenic measurements

For the observation of low-energy physics phenomena, it is essential that the energy
scale governing the underlying physics dominates the thermal energy, which requires
cooling down the sample to mK-temperatures using a dilution cryostat. Otherwise, thermal
excitations would mask the effects we are interested in, which in this work are charge
quantization, determined by the charging energy Ec ~ meV, the quantization of wave
functions determined by the quantum level spacing AE ~meV and superconductivity
determined by the superconducting gap A ~ 0.1meV and eventually the thermal occupation
of mechanical modes in the CNT determined by its resonance frequency Zw ~ peV.
In this chapter, we will first give an introduction to the cryogenic measurement setup
before discussing low-temperature CNT electronic transport measurements with normal
conducting and superconducting electrodes.

6.1. Cryogenic measurement setup

In this section, we explain the basic working principle of a dilution cryostat and focus
on the custom components and special features of our cryostat, including the DC and RF
measurement setup and the software used for cryogenic measurements.

6.1.1. Dilution cryostat

We use a homemade dilution cryostat of "Sionludi"-type with a base temperature of 40 mK
(newer versions of comparable build-type are available at Qin. In contrast to the
majority of cryostats, the order of the different cooling stages is inverted with respect to
the temperatures, with the coldest stage at the top where the sample is connected to. It
comes in a convenient table-top implementation and can reach fast cooling times below
100 mK of about three to four hours with the current installations inside.

The general cooling mechanism of a dilution cryostat makes use of two circuits, a liquid “He
circuit to cool down to 4.2 K (evaporation temperature of liquid “He) and a closed cooling
cycle with a mixture of “He and *He. While pumping on *He can decrease the temperature
to around 1.5K, the lower temperatures are reached with a mixture of 3He/*He.

1" Qinu GmbH, Windeckstrasse 8, 76135 Karlsruhe, Germany
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Figure 6.1.: Sketch of the mK stage of the cryostat with all added components. The mK stage consists
of two plates leaving room for the coils thermalized at 4 K. Only part of the 4 K-stage is drawn, the rest and
the other stages would follow below the sketch. The DC lines are split in two blocks each containing 12 DC
lines. Here only one block is shown for simplicity.

Below 850 mK and for a *He concentration above 6.5% the mixture is separated into two
phases, an almost pure phase of >He and a phase of “He with a temperature dependent
percentage of *He. The pure phase has a lower entropy, and the mixed phase has a higher
entropy. By continuously removing *He from the mixed phase, e.g. by pumping, *He from
the pure phase is diluted in the mixed phase, thereby locally decreasing the entropy in the
mixing chamber where the dilution takes place and generating a cooling power AQ = TAS.
For a detailed description of the working principle of the Sionludi cryostat see e.g. [201].
We will now focus on the custom setup shown in figure

The cryostat is equipped with a "quickswap” system, allowing for a simple sample exchange,
maintaining the CNT device under vacuum throughout the transfer into the already cold
cryostat. For this purpose, each thermal radiation shield is equipped with a shutter with
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magnet that can be conveniently opened and closed by applying a strong magnetic field
with another magnet from outside the cryostat. The vacuum transfer arm with the sample
holder can be plugged to the loadlock on the top of the cryostat and connected to the
vacuum of the cryostat and the sample holder inserted. The *He/*He mixture circulation
is interrupted since temperatures of up to 50-60 K can be reached at the mK stage when
the sample holder is connected, which is still at room temperature. After restarting the
cooldown, the mK-stage reaches its base temperature in about one hour. This saves
a significant amount of time that would be required to completely warmup to room
temperature and recooldown.

For the application of magnetic fields, the cryostat is equipped with a 3D vector magnet
consisting of three sets of superconducting coils made out of Nb-Ti wire, a cylindrical
coil in z-direction (BY** = 1.6 T) that fits around the PCB tip of the sample holder (cf.
chapter and two pairs of Helmholtz coils surrounding the z-coil for magnetic field
application in x-direction (By™* = 0.395T) and y-direction (B;"* = 0.24 Tﬂ The coils are
thermalized at the 4K stage due to the higher cooling power at 4K and to avoid excessive
heating of the sample in case of quenching or fast magnetic field ramps.

6.1.2. DC measurement setup

The wiring of the DC setup is shown in figure A switch box mounted outside the
cryostat allows us to individually address each of the 24 DC lines and to connect BNC cables
to their corresponding port. Similarly to the SEM setup, there are 3 different terminations
for each port: Ground, ground via a resistor of 470 kQ or floating to apply a current or
voltage.

Filtering of the DC lines

To reduce high-frequency noise over a wide range from tens of kHz to GHz, several filter
stages are implemented at the mK stage. For filtering noise starting from the kHz range,
two RC low-pass filter stages are used, one mounted inside the cryostat (R = 1kQ and
C = 25nF) and another one at the PCB (R = 1kQ for contacts and R = 100 k< for the gates,
C = 1nF), as mentioned in chapter [5.2.1] Noise from ~ 100 MHz to ~ 5 GHz is efficiently
filtered with commercial LFCN-80+ ﬁlter For filtering higher GHz noise, Eccosor
filters are used, consisting of two one meter long silver capillaries filled with Eccosorb
which contain 12 DC lines each. This filter has been added to the setup at a later stage and
was used to measure the samples SC2-SC5 which will be discussed in section

2 The maximum B-field is determined by the current that can be sent through the wire before quenching
and the current-to-field ratio from simulations, cf. [[64]

3 LTCC Low Pass Filter, DC, 80 MHz, 50Q, Mini-Circuits, 13 Neptune Ave, Brooklyn, NY 11235

* Eccosorb CRS 117 PTA-Absorber, Laird Performance Materials, 8 Pengfeng Rd, Songjiang Qu, Shanghai
Shi, China
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Figure 6.2.: DC measurement setup. Schematically shown for a SQUID but the filtering in the cryostat
is the same for all 24 DC lines. Temperatures indicate the thermalization stages in the cryostat. Filtering
via a silver capillary filled with Eccosorb (for GHz filtering), a commercial LFCN-80+ low pass filter (cutoff
145 MHz), and RC filter stage 1 (R = 1kQ, C = 25 nF). The second RC filter stage is implemented on the PCB
in light orange (R = 1kQ for source and drain and 100 kQ for gates, C = 1 nF). Left: Voltage-biased setup
with current flowing through the red line and converted into a voltage in a transimpedance amplifier. Right:
Current-biased setup with current flowing through the red line and voltage drop measured via the blue lines
with a differential voltage amplifier. Inspired by [64]].

Voltage-biased setup

For superconducting samples including SQUIDs, two different measurement setups are
used in this thesis, as shown in figure In both cases, an ADwin Gold II is used, which is
a computer-controlled real-time data acquisition system, and has been already introduced
for the SEM setup in chapter|[5.2.2]

A voltage-biased setup (2-point measurement, cf. figure |6.2|left) is used to measure the
current or differential conductance through a SQUID device. The output voltage of the
ADwin is applied directly to the sample. A voltage divider might be inserted between the
ADwin and the switch box to decrease the voltage resolution below the minimum step size
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of the ADwin. Only two of the four SQUID ports are used, one at the source and one at the
drain, and the other ports are floating and disconnected. The electrostatic potential in the
CNT can be adjusted by two gate electrodes, denoted as the left and right gate electrode
with applied gate voltage V; or Vi, respectively. The signal passes through the device and
after exiting the switch box, the current is converted to a voltage and amplified with a
transimpedance ampliﬁelﬂ whose output is connected to the ADwin input port.

Current-biased setup

A current-biased setup (4-point measurement, cf. figure [6.2| right) is used to extract the
supercurrent. A bias current is sent between two ports of the SQUID, and the voltage
drop across the SQUID is measured via the other two ports. For current biasing, a resistor
of 100 MQ is placed between the ADwin and the switch box. The resistance value must
be a few orders of magnitude larger than the internal device resistance to reach the
largest voltage drop at the resistor and to set the current through the device. The voltage
drop across the SQUID is amplified with a differential voltage ampliﬁexﬂ whose output
is connected to the ADwin where the voltage drop is measured. The voltage can be
numerically differentiated to obtain the differential resistance.

6.1.3. RF measurement setup

The full RF wiring of the cryostat is shown in figure [6.3|and allows in principle to perform
experiments where the CNT is employed as a frequency mixer. For these experiments,
an RF signal can be applied at the source and at the gate simultaneously, and the mixed
signal is detected via an output RF line. For more details on this setup, see [[64]. In this
thesis, RF was only applied locally at a gate electrode or via a microbonded RF antenna
using port 6 in the schematics in figure Note that the attenuation of -60 dB has been
modified for some measurements. For the application of RF, two different sources have
been used. An SMA100A from Rohde&Schwar and an APULN20 from Anapic

6.1.4. Measurement software

Two measurement softwares are used, the first one, NanoQt, has already been introduced
in chapter in the frame of the SEM setup. It is written to integrate perfectly with the

> Low Noise High Stability I to V Converter SP983c LSK389A, Basel Precision Instruments GmbH, Miil-
hauserstrasse 113, 4056 Basel, Switzerland. Gain used: 10° to 102

¢ ANS EPC1-D, ANS instruments Celians, SPHEREL Systémes, 10 bis route d’Ax, 31120 Portet sur Garonne,
France

7 Rohde & Schwarz GmbH & Co. KG, Miihldorfstrafie 15, 81671 Miinchen

8 AnaPico AG, Feldeggstrasse 5, 8152 Opfikon, Switzerland

9 Cryo Amp A5-1 by CRYOHEMT, 6 Boulevard Dubreuil, 91400 Orsay, France. Range: 1-7 MHz, gain: 13 dB

10 NF-LNC0.3-14A by Low Noise Factory, Nellickevigen 24, 412 63 Goteborg, Sweden. Range: 0.3-14 GHz
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Figure 6.3.: Full RF wiring of the cryostat. Boxes: Numbers indicate attenuation in dB, Red/orange
circles: Thermalization made from tin or silver epoxy, yellow: Feedthrough connectors with additional
thermalization, CN: Cupronickel. In this thesis only line 6 was used to excite RF at a local gate or via an
antenna. RF line 7 is used for the mixing setup to apply RF at the source. The RF readout line is connected
via the RLC tank circuit and two HEMT ampliﬁers{ﬂo the output 1 or 2. Figure adapted from .

ADwin setup and acquire data at the maximum sampling rate of the ADwin, but lacks the
flexibility to easily integrate new instruments such as RF sources. Due to its higher speed,
it is commonly used for quick overview characterizations of the quantum dots.

For all other measurements, we use the python package qkitEl that has been developed at
KIT in the group of Hannes Rotzinger. The documentation of the specific measurement
modules can be found in [202]. It is designed to integrate easily with other devices, but it
is currently not optimized for the ADwin.

1 https://github.com/qkitgroup/qkit
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6.2. Electronic transport measurements with normal conducting electrodes

For voltage-biased measurements, lock-in techniques are used, which have been imple-
mented in both softwares directly on the ADwin. The lock-in operates at a low frequency
of ~ 91 Hz with a lock-in amplitude down to 5 uV.

6.2. Electronic transport measurements with normal
conducting electrodes

In the last chapter, we discussed the CNT transfer and contact improvement technique to
reach a low device resistance. However, in order to fully evaluate the capabilities of the
nanoassembly technique, low-temperature electronic transport measurements are crucial.
Before measuring CNTs transferred on superconducting contacts, first CNT transport
measurements were performed on normal conducting electrodes. The contact electrode
core material of the devices presented in the following consists of niobium or molybdenum,
which, fabricated with a lift-off process, was not superconducting (cf. chapter[4.4). The top
electrode material is palladium or platinum with a final thickness greater than 4 nm. We
will present measurements ranging from the weak coupling regime to the intermediate
coupling regime and open-quantum dot regime.

6.2.1. Transport without applying contact improvement techniques

Before introducing the contact improvement technique, four samples have been measured
in the cryostat (neither treated with argon milling nor RTA) that had a room-temperature
device resistance of about 250 kQ2 at a bias of Vg = 1V (the resistance at Vig = 0.1V was not
measured, but it is expected to be higher than at Vyq = 1V). The charge stability diagram
of one of the best early devices is shown in figure It consists of two 500 nm wide
electrodes and a CNT suspended over a single gate electrode to form a simple quantum dot.
In the center of the diagram in figure the semiconducting gap of the CNT on the order
of 200 meV can be recognized, followed by a decreasing envelope on the electron side due
to the soft confinement (cf. figure and a region where the constant-interaction model
is a good approximation.

A zoom in this region is represented in figure[6.4p, where it is difficult to identify individual
Coulomb diamonds, pointing to large disorder (cf. figure [2.6). Electronic transport is
strongly suppressed for |Vyq| < 15mV and a closing of the Coulomb diamonds at Vog =0V
is not visible. Overall, the differential conductance is well below 4e?/h which indicates very
weak coupling, consistent with the high room-temperature resistance. Such a reduction
in transport could be explained by surface contamination. A weak oxygen plasma was
performed on this circuit chip to remove organic solvents which resulted in lower room-
temperature resistance, but this might have come at the cost of an insulating oxide layer
inhibiting low bias transport.

On the basis of these first measurements, it becomes immediately clear that contact im-
provement is a key requirement for any superconducting experiment with nanoassembled
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Figure 6.4.: Charge stability diagram of a junction of one of the first devices (sample NC1). Without
argon milling and RTA. a Large overview. b Zoom into the electron side and low bias range (white frame). ¢
Scanning electron micrograph showing the CNT quantum dot. The orange scale bar shows the suspension
length of 400 nm.

CNTs. All samples presented henceforth have been fabricated following the full contact
improvement process detailed in chapter 5.4 and show substantially higher conductance
and cleaner transport spectra in low temperature measurements.

6.2.2. Transportin the weak coupling regime

In this section we will discuss measurements of CNT quantum dots in the weak coupling
or Coulomb blockade regime in sample NC2, consisting of a single CNT transferred onto
molybdenum electrodes of 80 nm thickness and a top contact layer of 5-8 nm of palladium.
The focus will be on two junctions with comparable dimensions fabricated from the
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6.2. Electronic transport measurements with normal conducting electrodes

Figure 6.5.: Scanning electron micrograph showing the suspended CNT forming the second quan-
tum dot of sample NC2. (cf. figure[6.6k,d). The orange scale bar shows the suspension length of 400 nm.
The first quantum dot in figure ,b has the same dimensions.

same CNT. For each junction, the CNT is suspended ~ 70 nm above a single central gate
electrode (cf. figure[6.5). The charge stability diagrams for the first junction are shown in
figure [6.6p,b and for the second junction in figure [6.6f,d. The room temperature resistance
of the individual junctions at Vg = 0.1V was about 150 kQ) which is the highest of all
devices presented in the following and already indicates a weak coupling between CNT
and contacts. The CNT does not show any conduction for a gate voltage between -2V
and 0V and can be considered semiconducting. Here, the focus will be on the electron
side with a higher differential conductance reaching up to 10 uS. In contrast to the device
from sample NC1 in the last section [6.2.1] a regular series of Coulomb diamonds can be
recognized that touch at zero bias, owing to the contact improvement techniques. The
transport behavior is consistent with the theory presented in chapter [2.2.3]

The main device properties can be calculated from the charge stability diagram. The height
of the diamonds is equal to the addition energy and results in E,qq = 16 meV for the first
quantum dot at a gate voltage V; = 0.93V and E,qq = 29 meV for the second quantum
dot at a gate voltage V, = 1.2 V. A quantum level spacing of AE = 4meV is expected for a
400 nm long suspended CNT but in the charge stability diagram, fourfold degeneracy is
absent, and the addition energy is dominated by the charging energy. The charge stability
diagram allows us to extract the capacitances, lever arm, and tunnel coupling. The data
are summarized in table The low separation between the CNT and the gate of only
70 nm leads to a high lever arm of o = 0.15 for the first dot and & = 0.26 for the second dot.
Already in figure 6.6/ the tunnel coupling is asymmetric and Breit-Wigner lineshapes can
be fitted to the last three Coulomb peaks to extract the tunnel coupling Iy and Iy

dI _ 462 4TIy
dV " h (T +T)? + (2ae(Vg — VE))?

(6.1)

where the term VgCP is the gate voltage at a Coulomb pea For the two dots, the ratio
T/Tq > 1000 (cf. table[6.1) indicates a very strong coupling asymmetry.

12 This formula is only valid in the regime ' > kpT, otherwise finite-temperature effects broadening the
Coulomb peaks must be taken into account [204]]. Despite the low value of Ty, the sum I' = I + Iy is well
above the thermal energy at 40 mK of 3 uV.

133



6. Cryogenic measurements

a 40 101
20 y 1072
> | <
z o 1073
= v >
5 ! 1074 ©
-20 A AARALAARRESS ' S
i
: | ‘\\ ' J 4 { 0
—40 ;\Mh“ Il ,.n LI | ] |
0.0 0.5 1.0 1.5 2.0 2.5 3.0
b 40 10—1
20 —_
— e
2 1072 &
= 0 N
> g
-20 1073 ©
—-40
C
Y 10—2
— ' “ _3 <
E 10 o
F AR 0 3
v S
1075
0
d
— 1072 €
£ R
-_U. >
= 103 2
©
- r r 10_4
0.9 1.0 1.1 1.2 1.3 1.4 1.5
Vg [V]

Figure 6.6.: Charge stability diagram of sample NC2. a,b First quantum dot (QD1). b shows a zoom into
a with an adapted colorbar to highlight the lines running parallel to the Coulomb diamond edges (white).
¢,d Second quantum dot (QD2). d shows a zoom into ¢ with an adjusted colorbar to highlight the areas
with negative differential conductance in ¢ marked by the arrows and regions with mechanical bistabilities
encircled with white color.

134



6.2. Electronic transport measurements with normal conducting electrodes

Table 6.1.: Calculated parameters for the two quantum dots from figure The quantum level
spacing AE is not visible in the diagrams and it is assumed that the charging energy is equal to the addition
energy in the calculation. Iy 4 has been averaged over the last 3 diamonds in figure ,c.

Parameter Dot 1 Dot 2
Eqqda [meV] 16 (V; =0.93V) 29 (Vy =1.2V)
a 0.15 0.26
C, [aF] 0.74 0.71
Cs [aF] 1.19 1.05
Cq [aF] 2.05 1.01

I [meV] 1.3 0.9
[4 [meV] 0.0006 0.0006
/T, 2070 1479

In figure and highlighted in [6.6b, we can distinguish parallel lines running inside
the Coulomb diamonds that are due to excited states (cf. figure [2.8]in chapter[2.2.3). The
excited states could be of electronic or mechanical origin. To estimate the energy scale,
the energy spacing between the lines along the y-axis in figure can be calculated to
(9.33 £ 0.25) meV. In the following, we will compare this energy scale with the energy
scales for electronic and mechanical excitations.

For electronic excitations, this scale has to be compared to the quantum level spacing
AE = hvp/2L ~ 4meV for L = 400 nm, which is approximately half as much. Under
the assumption of a local confinement in the CNT, an effective dot length of 177 nm
would match with the energy scale. For instance, this local confinement could occur if
the confinement potential extends over the contact barrier into the suspended section of
the CNT due to the gate width being shorter than the length of the CNT. However, there
are two indications that contradict this assumption. First, the quantum level spacing of
~ 9meV should be well visible in the charge stability diagram, and second, the excited
electronic states cannot explain the suppression of conductance at low bias.

Regarding a mechanical origin, there are several indications that would be consistent with
a coupling to longitudinal stretching modes [[67]]. First, the parallel lines have a reduced
differential conductance closer to the edges of the diamonds, and the edges are very
weakly conducting. In particular, at low bias, there is a partial suppression of conductance.
This would point towards a strong electron-vibron coupling, which will shift the vibron
potential and reduce the probability for ground state to ground state transitions as reported
n [67]. In addition, assuming a strong vibrational relaxation from the excited state to
the ground state as in [67], each tunneling starts from the vibrational ground state. A
significant overlap is only achieved with higher vibronic states, thereby increasing the
conductance of their corresponding lines. Second, negative differential conductance can be
observed between some of the lines, which has been observed for a coupling to longitudinal
stretching modes [67, 43]]. Lastly, the spacing of the lines is not gate-voltage dependent,
and therefore independent of the electronic structure of the dot.
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6. Cryogenic measurements

However, the energy scale is an order of magnitude higher than the 0.8 meV reported in
[67] for excited states due to electron-vibron coupling with longitudinal stretching modes
in a 240 nm long CNT quantum dot or for longer suspension lengths in [43]. Assuming
an electron-vibron coupling for longitudinal stretching modes, the vibron length can be
calculated from the energy spacing AEy, = fivpnnsr/L for the vibron mode n in a doubly
clamped beam and the group velocity of the longitudinal stretching mode vy, ~ 2.4x10* m/s
[67]. This calculation would result in a vibron size for the fundamental mode of only
5.3 nm, well below the CNT suspension length.

Whereas this seems to contradict a coupling between single-electron tunneling and longi-
tudinal stretching modes at first glance, the situation may be more complex, as detailed
in [[205]. The vibrons are coupled not only to the total charge of the quantum dot but
also to fluctuations of the electron density. In particular, in combination with high bar-
rier asymmetry, the Franck-Condon factors can become position-dependent. In fact, the
parallel lines in figure are more dominant for positive slope when the dot level is
aligned with the source and only some weak lines can be distinguished for decreasing
slope when the dot is aligned with the drain. In contrast to the parallel lines, the edges of
the diamonds exhibit a higher differential conductance for the decreasing slope. These
findings are consistent with position-dependent Franck-Condon factors, where stronger
electron-vibron coupling is observed near the source electrode, leading to a suppression
of ground state to ground state transitions, while the electron-vibron coupling is reduced
in the vicinity of the drain, increasing the probability for ground state to ground state
transitions.

In [67]], the authors also mention a potential strong electron-phonon coupling to radial
breathing modes (RBMs) which could be excited by electron tunneling and provide an
alternative explanation of the parallel lines. The energy scale of RBMs is higher than for
the longitudinal stretching modes and even higher than for the electronic excitations (cf.
figure . The expected Raman shift can be calculated using the formula Erpy; = hcwrpm
yielding a Raman shift of 75 cm™! that would correspond to a CNT diameter of 3 nm (using
eq. . Although the CNT diameter was not measured, a diameter of 3 nm would be
consistent with the Raman and TEM characterization in chapter 3] The coupling between
single-electron tunneling and RBMs has been observed for example in [206]],r and could
also explain the parallel lines.

Further evidence for the coupling between nanomechanics and single-electron tunneling
is found for the second quantum dot (cf. figure [6.6fc,d). Again, there are lines running
parallel to the edges of the Coulomb diamonds which we have discussed in detail for
the first quantum dot. For a gate voltage higher than ~ 1V one can distinguish areas
with high negative differential conductance mainly for positive bias. A zoom in these
features is shown in figure (note that the colorbar has been adjusted to positive values
to highlight all the features). The negative differential conductance features marked by
the white arrows repeat for several diamonds. Another intriguing feature is highlighted
by the white area. Here, for several diamonds, a region with homogeneous differential
conductance can be observed that also extends into the diamonds. Similar features have
been discussed in [83} 207, 208} 209, 210] and have been associated with self-driven
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6.2. Electronic transport measurements with normal conducting electrodes

oscillations due to electromechanical feedback. When the voltage bias exceeds a critical
threshold, electron tunneling may drive mechanical oscillations in the CNT, which impact
the electronic transport through the CNT. While the authors in [83] could mainly observe
negative differential conductance features outside the diamonds as marked by the arrows
in figure[6.6[d, the authors in [207] could also observe regions with conductance in Coulomb
diamonds. They attribute these regions to a widening of the Coulomb peak owing to
rectification when the oscillations in the CNT are driven.

Unfortunately, in this sample NC2, mechanical resonances could not be detected with
current rectification when driving via a wire-bonded RF antenna. Nonetheless, the sample
NC2 clearly demonstrates the strong coupling between nanomechanical motion in the
CNT and single-electron tunneling in the weak coupling regime.

6.2.3. Transportin the intermediate and open quantum dot regime

When increasing the tunnel coupling by decreasing the device resistance below ~ 50 kQ,
the intermediate or for even higher coupling the open quantum dot regime is typically
accessed. In this section, the cleanest device of sample NC3 will be discussed which was
also presented in our publication [37]] and is one of the devices where we could demonstrate
reaching the open quantum dot regime in nanoassembled CNT devices.

Basic characterization

Figure represents the charge stability diagram of the SQUID in figure with a
suspension length of 700 nm. It consists of a CNT transferred onto a SQUID structure of
90 nm niobium with a top contact layer of 4 nm palladium. The gate crosstalk is negligible
and the two parallel dots formed by the same CNT can be considered independent, as
expected for gates that are separated by a central contact electrode. The charge stability
diagram is split into four regions, a higher conducting region in the upper right corner
where both SQUID junctions are n-type conducting, a lower conducting region in the
lower left corner (both junctions p-type conducting) and two regions with intermediate
conductance (upper left, lower right) where one junction is p-type and the other junction
n-type conducting. The dark region around Vg o, = —0.5V indicates the narrow gap of the
CNT. From the charge stability diagram, it can be inferred that the left dot has a higher
differential conductance than the right dot. In the following, we will discuss only the left
dot while the right dot is turned off (V,, tuned to the narrow gap).

Figure shows an overview of electronic transport through the left dot, where all
three transport regimes can be accessed, as described in chapter By increasing the
gate voltage Vy the conductance can be tuned from the intermediate transport regime at
Vel = =3V to the weak coupling regime on the hole side. Once the narrow band gap is
overcome at Vg = —0.4V, the electron conductance is high, characteristic for the open
quantum dot regime. From the height of the neutral diamond of about 60 meV (not shown)
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Figure 6.7.: Device overview of sample NC3. a Charge stability diagram at Vy4 = 0 V. b Scanning electron
micrograph of a SQUID from sample NC3 with a suspended CNT highlighted in white and a scale bar in
orange indicating the suspension length of 700 nm.

and the addition energy E,qq ~ 25 meV of the first diamond on the hole side, the band gap
can be calculated to Eg ~ 35 meV.

Open quantum dot regime

In the following the different transport regimes will be discussed in detail, starting with
the open quantum dot regime in figure (cf. chapter [2.2.6). There exists a region
with an almost homogeneous, high differential conductance which is patterned with a
checkerboard pattern due to Fabry-Pérot oscillations as reported in [47]]. The height of
the lines, as indicated by the white arrows, allows us to extract the quantum level spacing
AE = hvp/2L when the charging energy is negligible. The length of the quantum dot can
be calculated to 490 nm, which is less than the actual suspension length of the CNT of
700 nm. However, taking a look at the actual SQUID in figure it becomes apparent that
the gate is only around 100 nm wide. Hence, it is likely that the size of the quantum dot
is not defined by the hard boundaries at the contact interface but by the local potential
inside the CNT which can differ from the suspension length. Similar results for the dot
size have been obtained for devices from other samples in the Fabry-Pérot regime with
gate widths much smaller than the suspension length.

Intermediate coupling regime

The zoom in the p-type conduction is shown in figure[6.8c. One can see a series of Coulomb
diamonds with particularly high conductance around zero bias, as it is typical for elastic
cotunneling mediated by Kondo resonances in the intermediate regime (cf. chapter [2.2.5).
Around Vg = -3V the line at zero bias links three diamonds in a sequence, characteristic
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Figure 6.8.: Charge stability diagram of the left dot (right dot "oft", V;; = —0.5V). a Overview, b Zoom
into the high conducting electron side with Fabry-Pérot oscillations. The spacing between the white arrows
allows to calculate the quantum level spacing. ¢ Zoom into the hole side showing Kondo ridges with high
differential conductance at zero bias voltage.

for the SU(4)-Kondo effect for spin and valley degeneracy, whereas towards the CNT band
gap the tunnel coupling is reduced and the Kondo ridges only occur every odd diamond,
characteristic for the SU(2)-Kondo effect.

For Vg > —1.4V, the ridges disappear and the device approaches the weak coupling regime
where cotunneling processes are suppressed. However, in contrast to the standard spin 1/2
Kondo effect explained in chapter [2.2.5 where only a single zero bias line is expected, the
zero bias line splits into two lines for certain gate voltage ranges. An example is marked by
the arrow in figure [6.10h. The splitting vanishes for higher tunnel coupling and is absent
where the SU(4)-Kondo effect is observable (white box). The effects can be explained by
the interplay between the Kondo effect and spin-orbit coupling 211], as we shall see
in the following.
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Interplay between Kondo effect and spin-orbit coupling

In general, there are two contributions to zero field splitting, disorder-induced orbital
mixing Aggs and spin-orbit coupling Ago. The two contributions can be separated by
applying a parallel magnetic field along the CNT axis (cf. figure [6.9). In contrast to a
perpendicular field which only affects the spin degree of freedom, a magnetic field applied
along the CNT axis also affects the two valley degrees of freedom K, K’ which can be
conceived as clockwise and counterclockwise rotating electron states around the CNT
circumference. The orbital magnetic moment of this motion around the CNT couples to
the parallel magnetic field with a magnitude given by the orbital g-factor g, splitting
a fourfold degenerate state at zero field into two doublets with different valley numbers
at B|| # 0. Each doublet is further split by a smaller degree due to the weaker Zeeman
splitting of the electron spins (gs < gorb, cf. figure [6.9).

Although Aggs and Aso can both lead to a splitting already at zero field, the nature and
magnetic field dependence is fundamentally different [212]. Orbital mixing results in an
avoided level crossing at zero field between two doublets with the same valley quantum
number, as shown in figure[6.9p. Spin-orbit coupling, in a simple picture, arises from an
effective radial electrical field due to the curvature of the CNT.
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Figure 6.9.: Spin-orbit coupling. Spin-orbit coupling (Asp) and orbital mixing (Axg-) as a function of
magnetic field along the CNT axis B)| and perpendicular B, for different ratios of Aso and Agg-. Figure
from [212].
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6.2. Electronic transport measurements with normal conducting electrodes

Together with the circumferential motion of the K, K’ states, this results in an effective
magnetic field along the CNT axis (Bso = —(v X E)/c?), polarizing the spins along the CNT
axis [212]]. The effect can be described by a spin-orbit coupling Hamiltonian Hsg = AsoL-S
coupling the spin and valley degrees of freedom. At zero magnetic field the coupling
results in two degenerate Kramers doublets (K T,K’ |) and (K |, K’ 1), split by an energy
Aso. In contrast to orbital mixing, the magnetic field dependence of the Kramers doublets
leads to a crossing at finite B| (cf. figure ). The combination of the two effects is

sketched in figure [6.9d.

Having discussed the underlying physics, one can estimate the spin-orbit coupling in a
similar way as in [73]]. The estimation was performed for the fifth hole (cf. figure [6.11),
which corresponds to the situation of the first hole in the fourfold shell. Figure[6.11h is
consistent with a dominant spin-orbit coupling. The two lines with slope || seem to cross
at a magnetic field B;, > 1.4 T, there is no avoided level crossing visible and we therefore
assume to be in the limit Ago > Agg’. The extrapolation of the two lines with slope
|a| gives an estimate of the spin-orbit coupling of about Aso = 1.3 meV which is high
compared to the few hundreds of microvolts in but less than the record high
spin-orbit coupling of 3.4meV in [214].
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Figure 6.10.: Zoom in the Kondo resonances around zero bias voltage. a No magnetic field is applied.
The zero bias line is split as indicated by the arrow, except where the tunnel coupling is higher, e.g. in the
white box where a SU(4)-Kondo ridge is highlighted. b A magnetic field B = B, = 1T is applied along the
axis of the CNT. Most of the Kondo resonances vanish at zero bias except the ones marked by the white
arrows.
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Figure 6.11.: Extraction of spin-orbit coupling. For the fifth hole marked by the black line in c. a
Differential conductance as a function of magnetic field along the CNT axis (B, = By)) allowing for the
extraction of spin-orbit coupling by extrapolating the lines with « to zero. b Similar situation in [73]. Here
the second derivative is plotted to enhance visibility. ¢ First six holes with tuning point for a (black line). d
Schematic spin-orbit level dependence on By for the first hole of a fourfold shell (from )

We can now better understand the charge stability diagram in figure The more
negative Vj, the higher the tunnel coupling, and the more likely is the probability of
cotunneling processes. This also affects the Kondo temperature, which decreases with

increasing V,j. As observed in other experiments [[73] and theoretically explained in [211],
g Vg p Yy exp

the decrease in Kondo temperature TQUM) with increasing V;; leads to a crossover around

Vg1 = —2.6 V, where the energy scale associated with spin-orbit coupling Aso dominates and
a transition to the SU(2) Kondo effect occurs (with the two degrees of freedom originating
from Kramers doublets).

At a parallel magnetic field B = 1T most of the spin-orbit split Kondo ridges have
disappeared around zero bias because the magnetic field splits the Kramers doublets. This
is nicely visualized by the white arrow in figure where the two ridges have vanished at
a finite magnetic field in[6.10pb. The parallel magnetic field should, in principle, completely
lift the fourfold degeneracy for the SU(4) Kondo effect visualized for a shell in the white
box. However, a single Kondo ridge still exists for the third diamond, as marked by the
arrows in figure[6.10p. Similar observations are reported in and theoretically derived
in [211]. It is possible that B = 1T corresponds exactly to the energy scale required for a
level crossing at zero bias.
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In conclusion, we have demonstrated that our normal conducting devices fabricated with
the nanoassembly technique can access all three transport regimes and we were able to
explore interesting phenomena, such as the Franck-Condon blockade or the interplay
between SU(4) Kondo physics and spin-orbit coupling. In particular, the latter phenomenon
requires ultraclean CNTs [213,212] to reach the regime where Asp > Agg . In addition to
the high cleanliness of our nanoassembled CNT device, we could also report reaching the
open quantum dot regime [37]] which indicates transparent contacts that are essential for
superconductivity experiments in CNTs, which will be discussed in the next section.

6.3. Electronic transport measurements with
superconducting electrodes

In this section we present cryogenic CNT transport measurements with molybdenum
rhenium as source of superconductivity and palladium or platinum as contact material.
The total stack comprises 15 nm Mo, 41 nm MoRe and 4-7 nm Pd/PtEI (cf. chapter . In
total, five superconducting samples (SC1-SC5) have been measured and we will focus
on the three samples with highest supercurrent in this chapter. The physics phenomena
observed in these devices are addressed in individual subchapters.

6.3.1. Pre-characterization of the superconducting samples

Similarly to the normal conducting devices, a short overview of the device characteristics
is presented including charge stability diagrams and differential resistance measurements
to characterize the superconductivity. The key properties of the samples are summarized

in table

Table 6.2.: Overview of the five superconducting samples. Rsoum is the room temperature device
resistance for the whole SQUID with both gates tuned to lowest resistance. For sample SC1 this value has
not been measured and the maximum switching current I'n"* is a lower bound.

Device Contact material Rsgum [kQ] at 300K ¥ [nA]
SC1 SQUID400 Pd - ~2
SC2 SQUID400 Pd 14 1-2
SC3 SQUID400 Pd 20 0.1-0.2
SC4 SQUID400 Pd 14 0.1
SC5 SQUID800 Pt 16 3-4
SC5 SQUID400 Pt 21 0.1

13 The final contact layer thickness is determined by argon milling as part of the contact improvement and
can slightly vary.
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First superconducting sample (SC1)

A SQUID of the first superconducting sample (SC1) with palladium contact material is
shown in figure with a CNT suspension length of about 300 nm, as indicated by the
orange scale bar. The charge stability diagram is depicted in figure[6.12a. Similar to all
other devices, it shows a higher conductance for electrons than holes. The gate crosstalk
is negligible and the two parallel quantum dots can be considered as independent.

The left dot features a higher differential conductance, and therefore, we mainly focus
on this dot, while the right dot is turned off by tuning its gate voltage into the narrow
gap. The charge stability diagram of the left dot is represented in figure [6.12fc. Apart from
the low bias conductance, it resembles the device from sample NC3 where the transport
regimes have been discussed in detail. For the electron side, Fabry-Pérot oscillations can be
recognized, indicating the open quantum dot regime, whereas for holes low conductance
is measured as typical in the Coulomb blockade regime. By decreasing the gate voltage,
the intermediate coupling regime can be approached, marked by the onset of cotunneling
for Vy < -2V.

While all measurements so far have been performed in a voltage-biased setup (two-terminal
measurements, with lock-in), the measurement of the switching current requires current-
biasing four-point measurements without lock-in techniques (cf. figure [6.2). Such a
measurement is shown in grayscale in figure where the current through the CNT
quantum dot is controlled and the voltage drop across the junction is measured. The
differential resistance can be calculated by numerical differentiation. Figure shows
only the electron side where a higher switching current is expected due to the higher
differential conductance in figure [6.12. The differential resistance is modulated with the
gate voltage and current bias. The modulation period with the gate voltage fits to the
modulation of the differential conductance in figure[6.12c. One can distinguish pockets with
homogeneous, particularly low resistance around zero current, e.g. at Vg = 1.25, 1.75V.
These pockets can be associated with supercurrent. The transition between the low-
resistive regions and the regions with higher resistance defines the switching current
where the CNT junction turns into the finite-voltage state. In regions where the differential
conductance is low, the pockets close, and the supercurrent vanishes entirely.

For this device, due to a connection issue, the four-point measurement could not be carried
out properly and we expect an additional inline resistance of 5-7 kQ, which explains the
non-zero differential resistance. When the superconducting pockets are well defined, e.g.
at Vg1 = 1.25V, it is easy to calculate the switching current. Unfortunately, this is not
the case for all pockets and the maximum switching current is not clearly visible, and
the transition between superconducting and the finite-voltage state is smeared out. This
behavior is typical for the overdamped junction regime in the framework of the RCS] model
(cf. chapter 2.4.4). One way to distinguish between the overdamped and underdamped
junction regime in the experiment is to record trace-retrace measurements (increasing and
decreasing Iq) and investigate hysteresis. We only show the trace (increasing Is4-ramp) in
this section, but the quantum dot exhibits negligible hysteresis, indicating that the junction
operates in the overdamped regime. Beyond the transition to the normal conducting state,
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Figure 6.12.: Overview of the device from SC1. a Charge stability diagram. b Scanning electron micrograph
with the CNT highlighted in white. The scale bar in orange indicates the suspension length of 300 nm. ¢
Charge stability diagram of the left dot. d Differential resistance map in current-biased setup.

one can recognize several darker lines similar to [[189] which can be attributed to multiple
Andreev reflections at finite bias voltage V4.

A key parameter to evaluate proximity-induced superconductivity is the proximity-induced
superconducting gap A. For Vyq > 2A, quasiparticle tunneling is allowed, and due to the van-
Hove singularities in the DOS (cf. figure[2.15) a sudden increase in differential conductance
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Figure 6.13.: Application of magnetic field. Applied along the CNT (B, = By|) and perpendicular to the
SQUID loop (By = B.). a, ¢ Without magnetic field. b, d With magnetic field. The assumed proximity-
induced superconducting gap A can be calculated from the two parallel lines in a to 1.4/4 meV.

is expected. In figure the location of the proximity-induced superconducting gap is
indicated at the center of the ridges with high differential conductance. The extraction from
figure[6.13p results in A = 1.4meV /4 = 0.35 meV which would correspond to T;, = 2.3K and
is below the critical temperature of the superconducting film of 8-10 K due to the proximity
effect. This temperature can be compared with that reported for similar experiments.
Because there are no values for the proximity-induced gap with MoRe-based samples
that have not been exposed to CVD conditions, we have to compare the temperature
with materials with a similar critical temperature. For instance, it is higher than the 1.7K
reported for niobium as a source of superconductivity in with a similarly thick
palladium layer for devices fabricated with post-growth fabrication. The authors attribute
this low critical temperature to the formation of oxides of NbO or contamination. In our
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fabrication process, the palladium or platinum film is sputtered directly on top of the
MoRe without air exposure, which could lead to a much cleaner interface and higher
proximity-induced superconductivity.

To verify that these ridges indicate the proximity-induced superconducting gap, supercon-
ductivity can be suppressed. In general, there are two options to turn the junction to the
normal conducting state. First, increasing the temperature beyond the critical temperature,
and second, applying a magnetic field larger than the critical field. In contrast to super-
conductors with a low critical temperature, such as aluminum, the molybdenum rhenium
film has a high critical temperature of 8-10 K. Even though, a lower critical temperature is
expected for proximity-induced superconductivity, a heating to > 2.5 K would be required,
as estimated above. Since this could lead to potential contamination of the CNT, we chose
the second method and applied a magnetic field. Indeed, as shown in figure [6.13p, the
application of a magnetic field reduces the spacing between the high conductance ridges,
which can be associated with the proximity-induced superconducting gap. The reduction
is small despite the magnitude of the magnetic field close to the maximum possible with
the coils, which is expected for high critical magnetic fields of the superconducting film

(cf. chapter[A.3).

Another visible effect of magnetic field application is the reduction of the maximum
differential conductance which was reached in the regions around zero bias, e.g. at
Voo = 2.5V. This high conductance at Vyg = 0 is caused by a supercurrent which is
suppressed by applying magnetic fields. Indeed, in figure [6.13c,d, the application of the
magnetic field destroys the superconducting pockets. Likewise, most of the multiple
Andreev reflections vanish which could be due to magnetic field induced decoherence of
electron and hole pairs in the CNT which are required for Andreev processes.

Second superconducting sample (SC2)

A scanning electron micrograph of a SQUID of the second superconducting sample (SC2)
with palladium contact material is shown in figure with a CNT suspension length
of about 350 nm, as indicated by the orange scale bar. The charge stability diagram is
represented in figure [6.12p. It looks fundamentally different from the charge stability
diagram for the SQUID of the first superconducting sample SC1.

One can again identify four regions separated roughly at Vg, Vyr = —0.5V despite the
absence of a clear band gap. The maxima of conductance are aligned parallel to the V-
and Vy,-axis, indicating negligible crosstalk between a gate and the opposite quantum dot.
However, avoided level crossings appear and additional lines running at a 45°-angle. This
indicates that the two dots are not independent but capacitively coupled to each other,
which might point towards a CNT bundle. For a bundle, the capacitive coupling could
be mediated via a CNT that is only weakly coupled to other CNTs from the bundle and
weakly coupled to the central drain electrode.

The charge stability diagram of the right dot is shown in figure and also exhibits two
broadened highly conducting ridges around Viq = +0.75 mV that have been identified with
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Figure 6.14.: Overview of the device from sample SC2. a Charge stability diagram at V4 = 0 V. b Scanning
electron micrograph with the CNT highlighted in white. The scale bar in orange indicates the suspension
length of 350 nm. ¢ Charge stability diagram of the right dot (Vi = —0.66 V). d Differential resistance map in
current-biased setup after current annealing.

the proximity-induced superconducting gap for the sample NC1. The electronic transport
shows high differential conductance beyond 2.5 e?/h but the open quantum dot regime is
not reached, and we can recognize a pattern of mostly regularly spaced high conductance
areas at zero bias. Outside the superconducting gap, overlapping diamonds are visible,
which could be another indicator of a CNT bundle. The SQUID of NC2 has a switching
current of about 1-2nA, as shown in figure for a zoom into the highest switching
current region. The superconducting pockets are well defined, and few multiple Andreev
reflections are also visible.
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6.3. Electronic transport measurements with superconducting electrodes

Fifth superconducting sample (SC5)

The fifth superconducting sample was the first and only sample with platinum contact
material instead of palladium. The room temperature transport of this sample has been
analyzed in figure On this sample, two SQUIDs have been measured at cryogenic
temperatures, the first one ("SQUID800") with 800 nm wide contact electrodes and 500 nm
CNT suspension length and the second one ("SQUID400") with 400 nm wide electrodes
and a suspension length of 350 nm similar to the other superconducting samples. Due to
technical issues with the cryostat, the sample had to be warmed up and another current-
induced annealing and radiative thermal annealing was performed in the scanning electron
microscope before cooling down the sample for a second time. Unless mentioned otherwise,
data of SQUID800 have been acquired during the first cooldown, while SQUID400 has only
been analyzed during the second cooldown.

The low-temperature transport of SQUID800 is shown in figure The left and right
dot exhibit Fabry-Pérot oscillations for the electron conduction and Coulomb blockade
for the hole side. Unfortunately, the right gate has been connected to ground, forming
an effective voltage divider of 1/20, and thereby limiting the accessible gate voltage
range. For the left dot for negative gate voltage, one can recognize Coulomb diamonds
packed into series of four consecutive lines, indicating fourfold periodicity in figure
[6.15p. Again, gate-independent high conductance ridges can be distinguished around
Vsa ® £1 meV. Although a precise estimation of 4A remains difficult due to the broadening
of the quasiparticle tunneling onset, the spacing of the ridges is of the same order as for
the other superconducting samples. From the differential resistance maps in figure [6.15f,d
the switching current can be extracted. Since the right dot has not been completely turned
off in figure and the current through the SQUID is a superposition of the two parallel
quantum dots, the switching current of the right dot must be subtracted to obtain the true
switching current of the left dot. The switching current of the left dot can be estimated to
Isw = 3-4nA, which is the highest observed in all superconducting devices. The switching
current is modulated by the gate voltage, but in contrast to the other superconducting
samples, the superconducting pockets do not close and form one big pocket for the better
conducting electron side. Inside the big pocket, one can recognize a pattern of periodic
lines, which are probably signatures of 50 Hz noise in our setup, and become well visible
in switching current measurements that are performed without lock-in techniques.

The transport through SQUID400 could only be measured after the second cooldown of
the sample. The charge stability diagrams displayed in figure show a perfect fourfold
periodicity of Coulomb diamonds, as visible by the series of four parallel lines running
along the V4-axis. Similarly to SQUID800, there are gate-independent high conductance
ridges around Vg3 ~ +1meV with the spacing of 4A. The left dot does not exhibit a
particularly high conductance at zero bias and the superconducting pockets shown in
figure[6.16kc,d are difficult to see. They are highlighted in the region of the white arrow in
figure[6.16fc. The right dot shows high conductance at zero bias and the superconducting
pockets are larger, as becomes apparent in the highlighted region marked by the white
arrow in figure[6.16d. However, the maximum supercurrent does not exceed 100 pA.
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Figure 6.15.: Overview of device SQUID800 from sample SC5. a Charge stability diagram of left dot
(Ver = 0V, not in the off state). b Charge stability diagram of right dot (Vg = 0.4V, in the off state). Due
to a default the right dot is connected to ground with an effective voltage divider of ~ 1/20. ¢ Differential
resistance map of the left dot in current-biased setup (Vg = 0V). d Differential resistance map of right dot in
current-biased setup (Vg = —0.4V).
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Figure 6.16.: Overview of device SQUID400 from sample SC5. Data taken during the second cooldown.
a, b Charge stability diagrams of left/right dot with the other dot turned off (V; = —0.5V/Vy = —0.6 V).
¢, d Differential resistance map of left/right dot in current-biased setup with the other dot turned off
(Vgr = =0.5V/Vy = —0.6 V). The weak superconducting pockets are highlighted in the regions marked by
the arrows.
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Overall, the superconductivity in device SQUID400 is significantly weaker than in device
SQUID800. A possible explanation could be the lower efficiency of the radiative thermal
annealing for 400 nm wide electrodes resulting in a higher device resistance for device
SQUID400 already at room temperature (for a comparison see figure [5.17).

6.3.2. Investigation of subgap transport

In this section we present more resolved differential conductance measurements centered
in a small bias range around Vg4 = 0 to explore the subgap conductance features. Below
2\ one expects to observe high conductance at zero bias for non-resistive supercurrent
and multiple Andreev reflections at finite bias. The supercurrent is mediated by Andreev
bound states that can also be investigated at finite bias using one electrode as a probe
[108]]. The subgap spectrum has been analyzed for sample NC5, SQUID800 for the first
and second cooldown. In the following, we will focus on the subgap transport measured
during the second cooldown, where individual features could be separated more easily.

The conductance measurement zoomed into the low bias range (figure [6.17h) reveals a
high conductance at zero bias as expected, but instead of a clean well-distinguishable
subgap transport, the expected features are superposed, making a detailed investigation
almost impossible. This is likely due to the high tunnel coupling smoothing the van-
Hove singularity of the quasiparticle DOS which is used as a probe for multiple Andreev
reflections and signatures of Andreev bound states. In the weak coupling regime, the
proximity-induced superconducting gap can be identified more easily as indicated in figure
[6.17p,b. Under the assumption that the bright ridges in figure mark the onset of
quasiparticle tunneling and that all conductance features inside the Coulomb diamonds
in are due to subgap transport, the proximity-induced gap can be estimated to
4A =~ 1.6 meV which is slightly higher than for samples with palladium contact material. In
contrast to a normal metal, where the DOS is constant, a CNT quantum dot has a discrete
DOS and the subgap transport can change depending on the location of the chemical
potential of the dot. When the energy level of the dot matches the energy of a charge carrier
in an Andreev process, the Andreev process is enhanced compared to the off-resonant case.
This makes it extremely difficult to identify the individual multiple Andreev reflections or
the dispersion of Andreev bound states.

In an attempt to identify possible multiple Andreev reflections, vertical cuts were taken
along Vg4, as indicated by the white arrows in figure [6.17p,c. At these gate values the
conductance is still comparably weak and the quantum dot is in the "on" state since an
energy level of the dot is aligned to the drain. Depending on the gate voltage, different
multiple Andreev reflections can be identified. The cut at V) = —2.48V in figure
shows two broadened peaks at around +0.8 meV which are expected for the location of
the induced gap at eVyq = 2A and in addition, two smaller peaks which would match
eVsa = 2A/2 = A and could correspond to the Andreev reflection of second order n = 2.
For the gate voltage of V; = 0.075V on the electron side, many potential multiple Andreev
reflections can be identified, as indicated in figure [6.17f, while the proximity-induced
superconducting gap is less pronounced at eVyy = 2A.
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Figure 6.17.: Resolved conductance measurement around Vg = 0. Data from device SC5, SQUID800,
second cooldown, V,; = =5 V. a Overview of the differential conductance with adaptation of the colorbar
to highlight the subgap features below 4A. b Zoom into the weak coupling regime in the hole side with
indication of the possible proximity-induced superconducting gap 4A. ¢ Zoom into the stronger conducting
electron side. d Cut at Vi = —2.48 V along the arrows shown in b. Potential multiple Andreev reflections are
marked by the arrows. e Cut at Vy = 0.075V along the arrows shown in ¢ with potential MARs.
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This could be related to the higher supercurrent for electrons than for holes which is visible
as a peak at Vg = 0. In figure[6.17e, there is an asymmetry between positive and negative
Viq and for positive bias, the peaks at A and 2A are absent. The reason for this is unknown
and it is crucial to note that even though the peaks in figures[6.17d,e match nicely with
the MAR resonances, we do not have any further evidence that these peaks originate from
MAR resonances. In general, subgap transport can be complex as it becomes visible for
gate voltages different from the two selected in figure [6.17d,e.

6.3.3. Impact of out-of-plane magnetic field on superconductivity

For the operation of a DC-SQUID, it is essential to apply a magnetic field perpendicular to
the SQUID loop. The applied magnetic field should only result in a temporary, reversible
modification of the supercurrent. However, molybdenum rhenium is a type II supercon-
ductor which can host vortices that could be generated by the magnetic field perpendicular
to the SQUID loop. Vortices close to the CNT could alter the superconducting properties
of the CNT-SQUIDs even when the magnetic field is turned off. Therefore, we will discuss
the effect of the magnetic field on supercurrent in the following.

Initially, before any magnetic field was applied, the differential resistance map in figure
was measured, showing a sharply defined transition from the superconducting to the
normal conducting state at a maximum switching current of I, > 3 nA. After ramping
the out-of-plane magnetic field to B, = 200 mT and returning to B, = 0 the supercurrent
has completely vanished.

The disappearance of superconducting transport through the CNT could be due to some
residual magnetic field in the superconductor caused by vortices close to the CNT or due to
a global change of the tunnel coupling caused by a contact deterioration. A global change
of conductance was excluded by measuring the differential conductance and sweeping V4
above the superconducting gap (cf. figure [6.18). The differential conductance above the
superconducting gap is unchanged in contrast to the subgap conductance which implies
that only the superconducting transport properties have been affected.

Aiming to restore superconductivity, two different approaches have been tested. The first
approach was current annealing of the CNT which was performed at a high current of
18.5 pA for 90 min. Figure shows the differential resistance after current annealing in
the cryostat. Superconducting pockets reemerge but with a much lower switching current
of only 1nA. In addition, the transition from the superconducting state to the normal
conducting state is broadened whenever the switching current is high. This reminds us of
the transport through the left dot of the SQUID of the first superconducting sample SC1
which was in the overdamped regime. A possible explanation for the observed phenomena
could be the creation of vortices in molybdenum rhenium by an out-of-plane magnetic
field which remain when the magnetic field is turned off. Some of the vortices could form
close to the CNT impacting the superconducting transport. By driving a high current
through the CNT, the vortices could move in the superconducting film, with the result of
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Figure 6.18.: Differential conductance before and after out-of-plane magnetic field application. Data
from device SC5 SQUID800, B, = By, Vi = 0V a Before magnetic field application. b After ramping the
out-of-plane magnetic field to B, = 200 mT and back to zero.

a reduction of vortices in the vicinity of the CNT metal contact and a partial restoration of
the supercurrent.

A natural option to remove the vortices could be heating beyond the critical temperature of
the superconducting molybdenum rhenium film at ~ 10 K. Due to potential contamination
of the CNT during heating, this option was discarded. A second approach, which does not
require a temperature increase, relies on affecting the vortices by magnetic field ramps. By
periodically ramping up and down the out-of-plane magnetic field while slowly converging
to zero, as shown in figure[6.19d, a high switching current could be restored. Likewise, the
sharp transition between the superconducting and resistive state as shown in figure
could be reproduced, although the shape and size of the superconducting pockets remained
partially modified. The exact physical mechanism is unknown, but one could think of
averaging the residual flux generated by the vortices to zero. Under the application of a
magnetic field, the majority of the flux through the vortices aligns with the magnetic field
direction. By periodically ramping up and down the out-of-plane magnetic field while
slowly converging to zero as shown in figure the net flux of the vortices could be
averaged to zero.

For a further investigation of the effects occurring during the magnetic field ramps, the
switching current has been recorded in detail for another measurement shown in figure
[6.1%. Instead of a smooth change of the switching current, several abrupt jumps become
visible, which can lead to a higher or lower switching current.
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Figure 6.19.: Investigation of out-of-plane magnetic field dependence. Data from device SC5 SQUID800,
B, = By, Vg = 0V. a Differential resistance before magnetic field application. b After magnetic field ramps
to B, = 200mT and current annealing of the CNT. Part of the supercurrent is restored. ¢ Differential
resistance after periodically ramping the magnetic field as in d. d Ramping of magnetic field converging to
zero ("demagnetization sweep"). e Change of switching current when ramping the magnetic field.
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This highlights that the generation of vortices in the vicinity of the CNT is difficult to
control. The most efficient way to avoid the creation of vortices is to apply only weak
out-of-plane magnetic fields when possible. For this reason, only the SQUID800 has been
investigated in detail with respect to a high out-of-plane magnetic field. It is unclear if
the effects mentioned in this subsection apply only to electrodes with large widths or if
electrodes of standard width of 400 nm show a similar reduction of superconductivity
when a high out-of-plane magnetic field is applied.

6.3.4. SQUID measurements

Having investigated the impact of the out-of-plane magnetic field on the switching current
of a single junction, this subsection presents SQUID measurements where the two parallel
junctions of the DC-SQUID are turned in the "on" state to enable a current to flow through
the superconducting loop. SQUID measurements have been performed on three of the five
superconducting samples. Here, we present the measurements performed on SQUID800 of
sample SC5, which featured the highest supercurrent and a sharp transition between the
superconducting state and the normal conducting state. A well-defined switching current
is essential if the switching current is measured as a function of the external magnetic
field or flux penetrating the SQUID loop, respectively. The theory of SQUIDs has been
described in chapter [2.4.6] and we recall the dependence of the critical current and the
lower experimentally observed switching current as a function of the external flux from

eq. (including a possible flux offset @)

Isw = \/(Iswl - ISW2)2 + 4IswlIsw2 Cosz(ﬁ(q)ext - (Doff) /CDO) (6'2)

Since for this device, the Josephson junctions operate in the underdamped, hysteretic
regime, both trace and retrace measurements are shown as a function of the out-of-plane
magnetic field B, in figure [6.20p,b. Both differential resistance measurements show clear
periodic SQUID oscillations with magnetic field. The oscillations of the switching current
are in good agreement with the theoretical prediction from eq. as indicated by the
red curve in figure [6.20p. For the selected gate tuning point (Vg = =7.8V, Vg = 5V), a
switching current of Iiy,; = 0.96 nA can be extracted for the left dot and Iy, = 0.46 nA for
the right dot.

The periodicity of the SQUID oscillations is determined by the flux quantum ®; = B, -A and
allows us to calculate the SQUID area A. One can extract a periodicity of ®,/A = 0.465mT
and an offset of ®,¢/A = —0.097 mT, which could, for example, originate from an offset
of the coils, the magnets of the shutters from the thermal radiation shields, or partially
from the earth’s magnetic field (B = 40 puT). From other SQUID measurements we know
that the actual magnetic field at the position of the SQUID is lower than the externally
applied magnetic field due to some misalignment of the y-coil with the CNT position.
Unfortunately, the SQUID area could not be verified by SEM since the sample is still
measured when this chapter is written.
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Figure 6.20.: SQUID measurements. Data from device SC5, SQUID800 at Vy = =7.8V, Vi, = 5V. a Trace
(sweeping the current from - to +). The red curve shows the theoretical prediction from equation (6.2
with Iy = 0.96 nA, Lo = 0.46 nA, field to flux conversion of ®q[Vs] = 0.465[mT]/A and a flux offset of
—0.097[mT] /A with the SQUID area A. b Retrace (sweeping the current from + to -). ¢ Retrace for larger
magnetic field range. The first flux jump occurs at 26 mT (blue arrow). d Retrace for extended magnetic
field range. The amplitude of the oscillation does not decrease significantly up to 80 mT but there are more
magnetic flux jumps.
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Taking into account the correction factor of B,”" = 0.529B2ppheol from another SQUID
measurement of a previous device, the SQUID area can be estimated to A = 8.1 um?. With
a lateral dimension of 2.6 pm this would correspond to a CNT position of 3.1 um measured
from the center of the splitting of the source electrode, which seems plausible.

Larger magnetic field ranges are shown in figure [6.20k,d. The SQUID oscillations persist at
least up to 80 mT without a significant decrease in the maximum switching current which
is due to the strong proximity-induced superconductivity by molybdenum rhenium. This
magnetic field range is much higher than reported in [32] for aluminum as a source of
superconductivity where a decay is already visible for the second SQUID oscillation at few
mT. However, with respect to the vortex discussion in the last subsection, starting from
26 mT, the periodicity is partially broken by irregular jumps in flux. Such flux jumps by
non-integer values of ®; could be due to vortex creation or vortex motion in the vicinity
of the CNT-SQUID.

6.3.5. Measurements of Shapiro steps

The operation of the device from sample SC1 in the overdamped junction regime is ideal for
the observation of non-hysteretic Shapiro steps. The corresponding theory has been treated
in chapter[2.4.5] We only probe the transport through the left dot in these measurements,
while the right dot is turned "oft" (Vo = —1V). To be able to observe the switching current,
the voltage of the left gate was tuned to Vi = 1.3V in the superconducting pocket that
shows the sharpest transition from the superconducting to the normal conducting state
(cf. figure [6.21f). The external microwaves were applied via the left gate electrode locally
below the suspended CNT and a power dependence at different microwave frequencies

was measured, shown in figure [6.21p-f.

For weak RF drive power Vjc, the switching current is constant and the current plateau
of the zeroth Shapiro step coincides with the switching current. The power dependence
is determined by the Bessel functions drawn in figure The argument of the Bessel
functions is 2eVac/(fiwac), and therefore, with higher RF power, the contribution of
higher-order Shapiro steps increases. By increasing the frequency from 2 to 6 GHz, as
shown in figure [6.21b-f, the argument of the Bessel functions is reduced. As a result,
the higher-order Shapiro steps are observed at a higher RF drive power for higher RF
frequencies, as visible in figure [6.21p-f.

The height of a voltage step is given by Vpc = hiwac/2e, and thus the voltage steps do not
depend on the RF drive power but only on the RF frequency. Therefore, it is expected that
the measured voltage drop across the junction increases with higher frequency wac. In
the differential resistance measurements, this results in a higher differential resistance
and a higher contrast of the voltage steps, as is visible in figure [6.21p-f. Overall, our
measurements are qualitatively consistent with [115] and the theory explained in chapter
2.4.5)
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Figure 6.21.: Shapiro step measurements on device SC1. a Tuning point for measurements (Vg = 1.3V,
right dot off: Vyr = —=1V). b-f Power dependence of the switching current for different RF drive frequencies
applied to the left gate.
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6.3. Electronic transport measurements with superconducting electrodes

6.3.6. Impact of air exposure on electronic transport

For future experiments, single-molecule magnets might be evaporated on CNT-SQUIDs.
Evaporation is a non-deterministic method that requires a warmup of the samples for
each evaporation and possibly a few iterations to find a molecule that adsorbs on the CNT
and couples strongly to the flux through the SQUID loop. Therefore, in order to be able
to recycle CNT-SQUIDs, it is crucial to check if their transport properties are affected by
warmups and if they can be restored for a next cooldown. Two of the five superconducting
samples (SC1 and SC5) have been warmed up after the first measurements and cooled
down again. For the warmup, they have been transferred into the transfer arm, exposed
to helium gas, and heated with a heat gun before exposure to air.

The differential conductance of sample SC1 during the first cooldown and during the
second cooldown after current annealing is shown in figure In the second cooldown,
the Fabry-Pérot oscillations have disappeared, the band gap position and size are modified,
and the conductance of electron and hole transport becomes comparable. The shift in
the band gap can be explained by p-doping of the CNT due to oxygen adsorption [[216]
during air exposure, as also discussed in chapter while the ratio of electron and hole
conduction could be related to a modification of the workfunction of the contacts or CNT
during air exposure. The modification in the size of the band gap could be due to a change
in the gate lever arm. However, as can be seen in the negative gate voltage range, the gate
lever arm has not changed. Another option could be a strain-induced modification of the
CNT band gap. A current annealing in the cryostat could not restore the original position
of the band gap. Nonetheless, we could measure supercurrent in the device from sample
SC1 during the second cooldown.

The situation is fundamentally different for the SQUID800 from sample SC5 shown in
figure Between the two cooldowns, a current-induced annealing was performed in
the scanning electron microscope, followed by radiative thermal annealing, as detailed in
chapter At the end of the annealing process, the device recovered the characteristic
room-temperature gate voltage dependence of our nanoassembled devices with higher
electron than hole conductance. After vacuum transfer, in the second cooldown, the
Fabry-Pérot oscillations could not be recovered, but the electron conductance remains
higher than the hole conductance. In both measurements zero-bias conductance peaks can
be distinguished, indicating supercurrent. The size of the narrow gap E, has decreased,
which could be strain-induced. The center of the gap does not change between the two
measurements, which indicates that there is no difference in doping. The measurement in
figure even shows an earlier onset of fourfold periodicity close to the band gap, a sign
of high cleanliness. Overall, we can conclude that the impact of air exposure on electronic
transport (doping and modification of the CNT or metal workfunction) is reversible. The
low-temperature transport properties can be restored by using the full annealing process
in the SEM (in particular, the radiative thermal annealing) and the vacuum sample transfer,
allowing the potential recycling of CNT-SQUIDs.
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Figure 6.22.: Impact of air exposure on electronic transport and reset with RTA. a First cooldown of
sample SC1 (left dot). b Second cooldown of sample SC1 after air exposure and storage in a vacuum flow box
(p ~ 1mbar) for about a month. Device cooled down without RTA and measured after performing a current
annealing at 40 mK in the cryostat at 14 pA. ¢ First cooldown of device SC5 SQUID800 (left dot). The width
of the zeroth diamond is indicated by E(,/e and is proportional to the band gap. The value Ef, is neither
corrected by Ec nor AE and neglects the lever arm which is unchanged in the two measurements. ¢ Second
cooldown after air exposure for one hour and full annealing process in SEM (current-induced annealing and
radiative thermal annealing for 45 min at 5.6 W and 60 min at 11 W). Measured without current annealing in
the cryostat.
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6.4. Nanomechanics of proximitized superconducting CNT quantum dots

6.4. Nanomechanics of proximitized superconducting CNT
quantum dots

Nanoassembled CNT devices have the benefit that the CNT is directly suspended and the
coupling between the mechanical degrees of freedom and the electronic transport can
be studied. In this thesis, we investigated the nanomechanics by exciting motion in the
CNT with a local gate electrode (sample SC1) or a wirebond RF antenna bonded over the
circuit chip (sample SC5, SQUID400). As explained in chapter in this configuration the
highest coupling to the AC electric field is expected for transverse bending modes.

6.4.1. Basic characterization of the nanomechanics of the device from
sample SC1

The electronic transport of the device from sample SC1 has been shown in figure
as a reference. As explained in chapter mechanical resonances are detected via
current rectification. This technique requires a non-zero local curvature of the differential
conductance dI/dV or of the current I. For this reason, a gate voltage with maximum
curvature is targeted when searching for mechanical resonances which is typically found
on the slope of a Coulomb diamond.

The device showed many resonances in the Coulomb blockade regime which have been
tracked at different Coulomb diamonds for a bias voltage beyond the superconducting
gap. A frequency sweep at V) = —2.87 V reveals all different resonances marked by the
arrows in figure[6.23p. Mechanical resonances can be distinguished from other resonances
by their bifurcating Duffing oscillator lineshape already at low power owing to the high
mechanical nonlinearity of CNT bending modes. The two broad resonances between
250 MHz and 300 MHz do not exhibit a bifurcation and are not due to mechanical origin
and probably electrical resonances related to the setup. In total, we could identify seven
distinct mechanical resonances up to 800 MHz. In figure the gate voltage dependence
of the resonance frequencies is shown. For positive gate voltage in the Fabry-Pérot regime,
measurements were performed at Vg4 = 0 where the strongest conductance modulations
occurred. Some resonances can only be tracked within a limited range of gate voltages,
whereas two resonances are well coupled to electronic transport and could be tracked
over a wide range of gate voltage and also in the Fabry-Pérot regime for positive gate
voltage.

The two resonances are close in frequency and probably due to different polarizations of
the fundamental transverse bending mode. Similarly to [217], it could be possible that
these modes are the fundamental modes for in-plane oscillation like a swing (S-mode,
blue) and out-of-plane oscillation like a trampoline (T-mode, red), as shown in figure [6.23p.
The S-mode also exhibits partial out-of-plane motion and is not completely orthogonal
to the T-mode. This is crucial for its detection by current rectification, which is based on
modulation of the gate capacitance. The two resonances follow a quadratic gate voltage
dependence, as expected for transverse bending modes in the bending limit.
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Figure 6.23.: Overview of mechanical resonances for the device from SC1. RF at power P = —50 dBm
applied at the left gate, Vy; = -1V, Vg = =1.5mV. a At V| = —2.87V seven distinct bifurcating mechanical
resonances could be detected. b Tracking of resonances over a large gate voltage range including quadratic
fit for two resonances, which are probably the trampoline (T) and swing mode (S) as illustrated (subfigure
from [217]]). Modes matching combinations and fractions of T and S modes are indicated. The grey data
points do not match any of the modes.

The center of the parabolas is not located at Ve =0V, but matches the center of the band
gap where the tension in the CNT is minimum. The gate-induced tension breaks the
symmetry between in-plane and out-of-plane polarization, and thus affects the S- and
T-mode differently, which can explain the different slopes of the parabolas.

The other five mechanical modes are also consistent with this hypothesis. The three modes
higher in frequency denoted 2T, T+S and 2S match the corresponding linear combinations
of the T- and S-mode. These linear combinations (subharmonic resonances) can be actuated
when a quadratic nonlinearity occurs in the equation of motion [218]. Lastly, the two
low-frequency modes T/2 and S/2 will be addressed. The resonances occur at exactly
half the frequency of the T- or S-mode and show a much weaker peak in the differential
conductance (cf. figure[6.23h). The origin of these superharmonic resonances could be
related to two-phonon driving enabled by the quadratic nonlinearity [218].

The resonances can also be monitored along a single Coulomb peak, and a spring softening
dip is expected (cf. chapter [2.3). This softening is visible for many Coulomb diamonds
in figure and shown for a single diamond in figure [6.24b. The measurements are
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Figure 6.24.: Gate voltage dependence of mechanical resonances for the device from SC1. Average
current has been subtracted, RF applied at power P = —50 dBm at the left gate, V;; = —1V. a Tracking of
resonances in the Coulomb blockade regime with clearly visible softening of the spring constant at each
diamond (V54 = 5.5 mV). b Softening of the spring constant for a single Coulomb diamond with clearly visible
sign change of the Duffing parameter . ¢ Tuning point Vg = 0V with highest conductance modulation
for the measurement in d. d Tracking of mechanical resonances in the Fabry-Pérot regime, with the two
resonances highlighted by the arrows and white dots.

consistent with the measurement in shown in figure and also exhibit a change of
sign at the inflection points of the Coulomb peak which is related to a change of sign of
the Duffing parameter a.

In the Fabry-Pérot regime, the curvature 9°I/ anZ is much weaker compared to the Coulomb
blockade regime, which naturally makes it difficult to detect mechanical resonances with
rectification. However, the subgap conductance features shown in figure exhibit
a strong conductance modulation with gate voltage. Two resonances can be identified
in figure at Vig = 0V, marked by the white line in figure [6.24c, where the highest
modulation with gate voltage and the strongest rectification signal could be reached. The
bright features at 260 MHz and 280 MHz are due to the parasitic broad resonances which
are also visible in figure[6.23p. Since these bright conductance peaks at zero bias are due
to supercurrent, this implies that the rectification of supercurrent has been used in this
measurement.
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Figure 6.25.: Overview of mechanical resonances for SQUID400 from sample SC5. Data taken during
the second cooldown with the left dot off (V3 = —0.6 V), RF power P = —50 dBm. a Charge stability diagram
with gate tuning point for the further measurements. b Frequency dependence of the mechanical resonances
showing two resonances at 410 MHz and 480 MHz (Vg = —7.27V, V54 = 0'V). ¢ Gate voltage dependence of
the mechanical resonances showing weak softening of the spring constant (Vyg = 0V).

6.4.2. Basic characterization of the nanomechanics of device SQUID400
from sample SC5

A similar mechanical characterization to the device from SC1 has also been carried out
on the SQUID400 of sample SC5 during the second cooldown. Figure shows the
gate voltage selected for the mechanical resonance measurements in figure [6.25p,c where
pronounced dips in the differential conductance occur for two resonances around 410 MHz
and 480 MHz. Similarly to the device from SC1, these two resonances are close in frequency
and could be the swing and trampoline mode. The softening of the spring constant over a
small gate voltage range is shown in figure providing further evidence that these
bifurcating resonances are of mechanical origin. In analogy to the detection in the Fabry-
Pérot regime for the device on SC1, we also rely on the rectification of supercurrent at the
zero bias peak for the detection of the mechanical resonance since this is the feature with
highest contrast in figure [6.25p.
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6.4. Nanomechanics of proximitized superconducting CNT quantum dots

6.4.3. Investigation of the interplay between nanomechanics and
superconductivity

The fact that current rectification was successful in the detection of mechanical reso-
nances at zero bias already points towards an interplay between nanomechanics and
superconducting transport in suspended CNTs. In order to obtain a better understanding,
current-biased measurements need to be performed while applying microwaves at the
mechanical resonance. In this subsection, we will address these measurements, which
have been performed on the right dot of SQUID400 from sample SC5. This section aims to
provide an overview of the preliminary results.

A particularly intriguing gate voltage region for the resonance measurements was found
around Vg, = —7.7V and Vg = =7.3V, as shown in figure [6.26] The maximum supercurrent
at this gate voltage is rather low at around 50-100 pA. However, there exists an unexpected
region with particularly low differential resistance. Instead of highly resistive plateaus,
irregular regions with a differential resistance close to zero can be observed, similar to the
superconducting pockets. The origin of these plateaus is unclear, but they resemble the
mechanical bistabilities observed in the device from sample NC2 (cf. section [6.2.2). The
plateaus depend on the sweep direction of the current bias and occur only at a positive
current bias for the trace and at a negative current bias for the retrace. Taking a look at the
differential conductance in figure [6.25p, it becomes apparent that these regions seem to
coincide with the two parallel cotunneling lines on the second diamond. These cotunneling
lines are accompanied by high negative differential conductance. Cotunneling lines with
negative differential conductance have been observed in [101] for the first diamond with
only a single electron in a shell and are attributed to the interaction between the spin and
the superconducting leads [219]. Here for the second diamond, the situation is difficult to
explain as the two spins can interact with each other and couple both to the leads.

As discussed, the low resistive plateaus for trace and retrace in figure occur only
for one bias polarity. Comparing the current-biased measurements with figure [6.25, it
seems that a requirement for the observation of low resistive plateaus is a transition from
high positive differential conductance to negative differential conductance when the bias
voltage is swept across a cotunneling line. This is supported by the absence of low resistive
plateaus for Vy; = —6.5V where negative differential conductance is also absent for positive

bias in figure |6.25p.

For an investigation of the interplay between superconductivity and nanomechanics, an RF
drive was applied via the wire bond antenna around the resonance frequency of 479 MHz,
as shown in figure Figure [6.27fc,d shows a zoom in the low current range to visualize
the superconducting pocket. The RF drive has little effect except close to the resonance. At
resonance, the superconducting pocket widens for both trace and retrace, as expected. The
switching current depends on the gate voltage and the gate capacitance is modulated when
the CNT oscillates. At the selected gate tuning point with finite curvature, the increase in
switching current can be explained by current rectification similar to the current in the
voltage-biased measurements.

167



6. Cryogenic measurements

a 10’7

106
< c
£ 10° 3
2 S
©

104

-8.0 -7.8 -7.6 -7.4 -7.2 -7.0 -6.8
Vgr [V]

b 107 c 107

106 106
= d z g
= 10° 3 = 105 3
3 S 3 S
© ©

10% 104

- 103 103

-7.75 -=7.70 -7.65 -735 -7.30 -7.25
Vyr [V] Vyr [V]

d 107 e 107

106 106
< g = g
£ 10° 3 £ 10° 3
3 S 3 S
© ©

104 104

103 ) 103

-7.75 -=7.70 -7.65 -7.35 -7.30 -7.25
Vgr [V] Vgr [V]

Figure 6.26.: Current-biased measurements of the right dot from SQUID400, sample SC5. Data
taken during the second cooldown with the left dot is "oft" (Vg = —0.6 V). a Overview with highlighted
superconducting pockets in the region of zoom 1. b, d Zoom into the first pocket with trace and retrace. c, e
Zoom into the second pocket with trace and retrace.

The difference in the maximum switching current between trace and retrace could be
attributed to a small change in the gate voltage between the two measurements. Another
intriguing feature in figure is the series of vertical lines for frequencies beyond the
widening of the superconducting pocket. These jumps could simply be an artifact of a
non-continuous phase of the microwaves when the frequency is stepped, which results in
a frequency spectrum including further high frequency components that lead to jumps
between the two bistable states of the Duffing oscillator.
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Figure 6.27.: Investigating the interplay between nanomechanics and superconductivity. On the
right dot of SQUID400, sample SC5, Vg1 = —0.6 V, RF power P = —50 dBm, second cooldown. a, b Gate voltage
dependence of the differential resistance (zoom 1, with gate tuning point for the following measurements).
¢, d Differential resistance as function of RF frequency (power —50 dBm) with zoom on the superconducting
pocket. e, f Zoom out on larger current bias with ¢, d marked by the dashed area.
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We now discuss the frequency dependence of the highly resistive lines confining the
low resistive plateaus, which is shown in figure [6.27e,f. One would expect to observe a
behavior comparable to the superconducting pockets marked in dashed black, but the
highly resistive lines exhibit a very intriguing frequency dependence. Again, far away
from the mechanical resonance, the effect of the RF drive is negligible, as expected. At
the resonance, there is a very strong frequency dependence in contrast to the switching
current, which could be due to the higher curvature. However, the splitting of the highly
resistive lines in two branches with positive and negative differential resistance is not
understood at the moment. The splitting occurs only for positive current but for the trace
and the retrace. Beyond that, the bifurcation occurs at a higher frequency than for the
switching current, which could imply that, in the finite-voltage state, additional energy is
pumped into the mechanical resonator. Although the origin of these two effects is unclear,
they demonstrate a strong interaction between the highly resistive lines confining the
low resistive plateaus and the mechanical motion driven in the CNT. In conclusion, these
preliminary measurements show that transport through superconducting CNT junctions
couples to nanomechanics, but a detailed explanation is complicated and requires more
investigation.
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7. Conclusion

The main goal of this thesis was to build a suspended CNT-SQUID with potential applica-
tions ranging from a platform to study fundamental condensed matter physics phenomena,
such as the interplay between proximity-induced superconducting transport and nanome-
chanics in the suspended CNT, to a magnetometer for single-molecule magnets. While
a suspended CNT-SQUID has already been built with the post-fabrication top growth
method [31], where CNTs are grown on the circuit chip electrodes, the approach in this
thesis is based on the nanoassembly technique.

Nanoassembly technique

Nanoassembly is one of the most advanced techniques for the precise and well-controlled
integration of CNTs into electrical devices. Here, the CNTs are CVD-grown on a separate
cantilever chip and mechanically transferred onto the circuit chip. For this purpose, we
developed a custom CNT transfer setup inside a scanning electron microscope. CNTs on a
cantilever chip are pre-characterized with SEM imaging. With the help of piezomotors,
a selected CNT can be aligned with respect to the circuit chip. An alignment precision
below + 200 nm is demonstrated, which can still be improved by using narrower alignment
markers and is ultimately limited by the minimum step size of the piezomotors. Beyond
that, the setup allows for a simultaneous scanning electron microscopy (SEM) observation
and current measurement between contacts of the circuit chip, well suited to study the
formation of the electrical contact between CNT and circuit electrodes. From their growth
to their measurement in the cryostat, the CNTs are never exposed to air and are transported
in vacuum transfer arms, resulting in ultraclean CNT devices.

However, first CNT devices exhibited high contact resistance on the order of MQ at low
bias (Viq = 0.1 V) making them unsuitable for superconducting transport measurements.
These high contact resistances arise from poor wetting of the CNT and work function
mismatch due to oxygen concentration in the contact metal or surface oxides. One of the
key challenges that has been overcome in this PhD is the reduction of the contact resistance.
For this purpose, we use a combination of argon milling to remove a few nanometers of
contact material to achieve a pristine surface before the transfer and a two-step annealing
process after the CNT transfer. First, a high current close to the maximum current is
driven through the CNT junction. In the I-V characteristics, discrete modifications in the
resistance can be observed, pointing towards a local atomic rearrangement at the CNT
metal interface. Second, we use a technique called radiative thermal annealing (RTA),
where the circuit chip with the integrated CNT is globally heated with the thermal radiation
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of a halogen lamp installed inside the vacuum chamber of the SEM at temperatures below
300 °C. With these contact improvement techniques, the median device resistance could
be reduced to 50 kQ at a bias voltage of 0.1 V. The key results of the contact improvement
technique have been published in [37], while the study within this thesis has a more
comprehensive scope, including the CNT growth characterization, circuit chip fabrication,
nanoassembly setup, the workflow of the nanoassembly process, and an extensive room-
temperature transport characterization of the CNT devices. We also discussed in detail
the development of the contact improvement techniques and different approaches that
have been unsuccessful.

Nanoassembled CNT quantum dots reaching the open quantum dot regime

Samples with clean room temperature transport and low contact resistance have been
measured in a dilution cryostat at 40 mK. The devices exhibited ultraclean electronic trans-
port behavior, as demonstrated by the observation of fourfold degeneracy extending over
a wide range of gate voltage in the majority of devices. In devices with normal conduct-
ing electrodes in the Coulomb blockade regime, we could show strong electron-phonon
coupling in the suspended CNT junctions. This could be demonstrated by mechanical
bistabilities and the observation of Franck-Condon sidebands, which could arise from
a coupling between single-electron tunneling and longitudinal stretching modes. With
the contact improvement techniques, the limitation of the nanoassembly technique to
the closed quantum dot regime could be overcome. In multiple CNT devices with room-
temperature resistance below 50 kQ, Fabry-Pérot oscillations were measured, indicating
an operation in the open quantum dot regime. In the intermediate coupling regime, we
could study the SU(4) Kondo effect and its interplay with spin-orbit coupling, providing
further evidence for the ultraclean electronic transport in the nanoassembled devices.

Having overcome the limitation of opaque metal nanotube interfaces within the nanoassem-
bly technique by using the contact improvement techniques developed in this thesis, all
transport regimes are accessible from the closed to the open quantum dot regime. This
allows to envisage many experiments with nanoassembled CNT devices.

The precision of the nanoassembly technique could be used to fabricate devices with
multiple CNTs close to each other. For instance, in the case of two CNTs close to each
other, one could be employed as a charge sensor for the charge in the quantum dot formed
in the adjacent CNT. Another option could be based on using the nanometer diameter CNT
as the gate electrode to modulate electronic transport in 2D materials, such as graphene,
similar to [[220].

As 1D ballistic conductors, CNTs have a low number of transport channels. In addition,
for suspended CNTs, the phononic density of states is low and charge noise is limited
due to the absence of dielectrics in the vicinity of the CNT. These factors significantly
reduce the number of decoherence channels, making suspended CNTs well suited for qubit
implementations, such as valley spin-qubits [221]] or potentially even nanomechanical
qubits [222].
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Proximity-induced superconductivity in nanoassembled CNT quantum dots

A clean fabrication process based on sputtering and reactive ion etching was developed to
replace the normal metal with the superconductor molybdenum rhenium in combination
with a thin palladium or platinum top layer. Using SQUID designs, proximity-induced
superconductivity could be explored in five samples. A maximum switching current of
~ 4 nA could be reached, probably limited by the remaining thickness of the platinum
contact layer between the CNT and the superconductor. Periodic switching current
modulations were measured as a function of the applied magnetic field perpendicular to
the SQUID loop, demonstrating the successful operation of the suspended CNT-SQUID.
The magnetic field dependence has been investigated in detail, also with respect to vortex
formation in the type II superconductor molybdenum rhenium.

In a CNT Josephson junction, a gatemon qubit might be directly implemented. The
gate voltage dependence of the supercurrent corresponds to a gate-dependent nonlinear
inductance, and by embedding the CNT Josephson junction into a superconducting cavity,
the qubit state could be readout similarly to [223]]. Although, a gatemon qubit does not
require suspended CNTs, the decoherence channels should be significantly reduced for a
suspended CNT, as explained above.

Coupling superconducting transport and nanomechanics

The suspended nature of the CNT allowed for probing the mechanical degree of freedom
and for investigating the coupling between mechanical motion and superconducting elec-
tronic transport. Strong coupling was demonstrated in the Coulomb blockade regime, as
indicated by the pronounced softening of the spring constant in the differential conduc-
tance. In addition, a modulation of the switching current was observed at the mechanical
resonance.

In this direction, there are still some open questions. First, the interplay between multiple
Andreev reflections and mechanical motion at resonance remains to be explained. Second,
in chapter [2.5| we discussed a capacitive coupling approach between superconducting
transport and nanomechanics [33]]. This approach leads to a Josephson force proportional
to the gradient of the Josephson energy that depends on the superconducting phase
difference across a CNT Josephson junction. In contrast to [224], a SQUID would allow for
the control of the superconducting phase difference across a Josephson junction and for a
distinction between the Josephson force and the simple capacitive gate force. In a device
with a sufficiently high and well-defined supercurrent, this Josephson force might be
detected. The coupling between superconducting transport and the mechanical degree of
freedom could also be exploited to cool the nanomechanical resonator by vibration-assisted
Andreev reflection [34].
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7. Conclusion

CNT-SQUID as magnetometer

The CNT-SQUIDs fabricated in this thesis are functional and in the future single-molecule
magnets could be evaporated on a CNT-SQUID. In general, the deposition of molecules is
non-deterministic. Although the small CNT surface and suspension reduce the number of
molecules attaching to the CNT, the key challenge lies in the grafting of a single molecular
magnet that exhibits large coupling to the flux through the SQUID loop, requiring multiple
iterations of evaporation and cooldown cycles. In this case, the sample quickswap system
integrated in the cryostat reduces the time consumption significantly. Nonetheless, each
warmup can alter the electronic transport properties of the suspended CNT. In this work,
we were able to successfully reset the electronic transport properties and recycle a CNT
device by applying another RTA cycle after the warmup and air exposure of a sample. A
similar reset effect is expected for organic contamination by molecules, and it is likely that
a SQUID can be reused many times by applying RTA. A functional CNT-SQUID would
allow for a direct measurement of the magnetization reversal of molecular magnets as

detailed in chapter

CNT-SQUID for optomechanical coupling

Instead of the application as magnetometer, the suspended CNT-SQUID can also be used
for detecting mechanical motion. The area of the SQUID loop can be altered by the
mechanical motion of the CNT resonator, and therefore, the CNT-SQUID can be considered
as a position-dependent inductor. This would allow for an alternative readout scheme of
the mechanical resonator based on flux-mediated optomechanical coupling with higher
single-photon coupling rates than those for capacitive optomechanical coupling schemes
[225]]. For this purpose, the CNT-SQUID can be implemented as a position-dependent
inductor in a microwave cavity similar to SQUIDs based on suspended aluminum beams
[225]]. The single-photon coupling rate is proportional to the magnetic flux fluctuations,
which in turn depend on the mechanical zero-point fluctuations. Due to its low mass, high
zero-point fluctuations (~ pm) are expected for a CNT nanomechanical resonator, and the
single-photon coupling can be estimated to go ~ 1 MHz [191]], which is sufficient to reach
the strong coupling regime.
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A.1. Device overview

An overview of all relevant sample parameters of the devices analyzed in chapter [6] is

given in table

Table A.1.: Overview of samples included in chapter@ With argon milling duration ¢4, either done on
the circuit chip before bonding ("flat") or for a circuit chip mounted on a sample holder (custom holder, "c.h.").
The rates fluctuated and the final thickness is about 4-6 nm of Pt/Pd. The air exposure time after argon
milling is denoted t,;; and the heating times at 5.6 W and 11 W are denoted tpeat1 2. Remarks: *For this chip
oxygen plasma was applied and no Ar, **Low discharge current on the Kaufman source, etch rate unknown.

sample electrode material  ta; [S] tair [Min]  fheatr [Min]  thearz [min]
NC1 Ti, Nb, Pd 120* >60 - -
(A12) 5nm, 90nm, 5nm (flat)
NC2 Ti, Mo, Pd 210** 22 51 30
(MoPdB1) 5nm, 80nm, 10nm  (flat)
NC3 Ti, Nb, Pd 90 42 30 5.5
(SQUID5B2) 5nm, 90nm, 8nm  (flat)
SC1 Mo, MoRe, Pd 70 1.5 41 30
(MoRePd7B1)  15nm, 41nm, 13nm (c.h.)
SC2 Mo, MoRe, Pd 80 2 30 45
(MoRePd8A3) 15nm, 41nm, 13nm (c.h.)
SC3 Mo, MoRe, Pd 85 1.33 45 45
(MoRePd8B1)  15nm, 41nm, 13nm  (c.h.)
SC4 Mo, MoRe, Pd 85 1.1 45 -
(MoRePd15A1) 15nm, 41nm, 13nm  (c.h.)
SC5 Mo, MoRe, Pt 105 3.75 45 45

(MoRePt6A3)  15nm, 41nm, 11lnm  (c.h.)

A.2. Compatibility of RTA with aluminum electrodes

The contact improvement tests have been developed mainly on pure palladium contact
electrodes or on niobium electrodes with palladium top layer. For superconducting devices
molybdenum rhenium was used as a source of superconductivity. Another promising
superconducting material is aluminum, which has also been tested as a contact electrode
material. However, it is not compatible with radiative thermal annealing. Despite heating
temperatures estimated well below the melting temperature of aluminum bond wires of
25 um diameter (cf. chapter [5.4.3), the heating clearly affected 400 nm wide aluminum
contact electrodes. To test the RTA on aluminum, the lamp heating was performed for
several powers for a duration of 30 min each. The dependence of resistance on the lamp
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Figure A.1.: Radiative thermal annealing on sample SQUID6A 1. With 5nm Ti, 100 nm Al, 8 nm Pd, 90 s
Ar milling before microbonding without the custom holder. a Device with high device resistance (Vog = 1V).
b Device with particular high device resistance (Vg = 4 V). ¢ Scanning electron micrograph of transition
from DC lines to nanorcircuits after heating at 7.5 W, orange scale bar: 500 nm. d Same region after heating
at 9W.

power was measured after each heating step and is shown in figure[A.1h,b. The sample had
rather high contact resistances after current-induced annealing which could be decreased
by a factor of four with RTA. In contrast to niobium or molybdenum rhenium electrodes,
a significant contact improvement could already be observed at a power below 5.6 W.
However, heating at powers higher than ~ 6 W led to a contact deterioration. In the
scanning electron micrographs in figure[A.Ilc,d, we can see that the contact deterioration
is accompanied by a change in the surface texture of the film. Around a power of 5.6 W,
the interface between the gold DC lines and the nanocircuit is modified, and grains start
to grow. Between 7.5 W and 9 W the grain size increases but the heating also affects the
texture of the surface far from this interface and in the vicinity of the CNT (not shown). It
is unclear if the aluminum partially melts or if the texture change is related to diffusion
processes of palladium on aluminum or the aluminum itself. In conclusion, the contact
deterioration restricts the use of RTA to low heating powers, and therefore, aluminum
was discarded as contact electrode material.
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A.3. Characterization of MoRe films

In this section we want to present a quick characterization of the superconducting molyb-
denum rhenium films used in circuit chips. The characterization was performed on a
15mm X 15 mm chip with the same film thickness as the circuit chip of sample SC5 (trans-
port measurement in chapter [6.3). It consists of 15nm Mo, 41 nm MoRe, 11 nm Pt on a
500 um thick silicon substrate covered with 290 nm silicon oxide. The characterization
was performed with the van der Pauw method [226]] in the PPMS syste with a base
temperature of 2K (cf. figure [A.2). At 2K the MoRe film is superconducting and the
molybdenum and platinum layers are normal conducting.

The critical temperature of the film is characterized by the resistance drop to zero in figure
and can be extracted to T, = 8.8 K. The angular dependence of the critical magnetic
field at 2K is shown in figure [A.2b, where an angle of ~ 0° corresponds to a magnetic
field parallel to the film and an angle of 90 ° corresponds to a magnetic field perpendicular
to the film. In general, the dependence of the critical magnetic field on the angle is weak,
as expected for thick films. The critical magnetic field parallel to the film is 6.13 T. The
critical magnetic field perpendicular to the film has not been measured at 2 K. In the data in
figure we can already see a significant decrease in slope for moderate angles around
30 ° and we conservatively estimate the out-of-plane critical magnetic field higher than
5.5T. Overall, the critical temperature and the critical magnetic field match well with the
literature values for pure MoRe films (cf. section[4.4.1).

For an estimation of the superconducting coherence length ¢, and to compare it with the
thickness of the film, the temperature dependence of the critical magnetic field has been
investigated for parallel and perpendicular magnetic field orientation, as shown in figure
[A.2k. The perpendicular critical magnetic field exhibits a linear temperature dependence.
The temperature dependence of the parallel magnetic field cannot be described by a linear
relationship that would be expected for a 3D film with thickness d, i.e. the coherence
length &) < d, and is consistent with the 2D limit (& > d).

In an attempt to estimate the superconducting coherence length, we can fit the slopes
and extract the superconducting coherence length based on equations from the Ginzburg-
Landau theory [227, 228]] with the film thickness d, superconducting coherence length &,
flux quantum @, and critical temperature T

By, =20 (1L (A.1)
c2l — 27[53 Y:: .
dyV12 T
Bey) = 2 - (A.2)
27T§0d Tc

1 Physical-Property-Measurement-System, Quantum Design, 10307 Pacific Center Court San Diego, CA
92121 USA
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Figure A.2.: Characterization of superconductivity for a Mo+MoRe+Pt film. a Critical temperature. b
Angular dependence of critical magnetic field at 2K. The magnetic field is parallel to the film at ~ 2°. ¢
Temperature dependence of the critical magnetic field in plane (B||) and out-of-plane (B, ) with linear fit
for B., (slope: -1.06 + 0.004 T/K). d Linear fit of (BCH)2 in the range where 2D film behavior is dominant
(slope: -5.72 + 0.11 T?/K)

From the fit in figure with equation |A.1| we can calculate the superconducting coher-
ence length for the perpendicular magnetic field to & = 5.8 nm, which is well below the
film thickness of 41 nm.

At this point, it is important to emphasize that the interpretation of the data obtained from
the fits is only a rough estimate, since we only considered the simple equations[A.Tjand[A.2]
In general, the equations are for a single superconductor and not for a superconducting film
sandwiched between two normal conductors. In addition, we neglect a possible anisotropy
in the film.
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B. Appendix (II) - Fabrication recipes

B.1. CNT growth recipe

Catalyst preparation:

« composition: 352.7 mg Fe(NOs)3 - 9H,0, 9.7 mg MoO;, 192 mg Alumina (Al;Os) as catalyst
support and 180 ml IPA as solvent

« sonication until the black MoO; powder is not visible anymore and storage on a stirring
plate

Catalyst deposition: Different techniques have been tested, the most promising will be detailed in
following.

« dilute the catalyst in IPA (ratio: 1:8 - 1:16)

« dip and move cantilever chip in the dilution for 10s

« dip in pure IPA for 5s (to make the distribution more homogeneous)
+ blow dry with N; under an angle of 30 ° to the chip surface

« repeat a few times depending on the desired density

Growth process:

« vent the oven with Ar (0.6251/min)

« load cantilever chips, pump to < 10~2 mbar, stop pumping

o flush the oven with Ar (0.6251/min) until ambient pressure

+ purge lines (Ar 0.625l/min, CHy 300 sccm, H; 300 sccm) for 10 minutes
e pump to < 102 mbar, stop pumping

« vent oven with Ar (0.6251/min)

« heat the oven with Ar atmosphere for 30 minutes to 880 °C

+ turn off the Ar and flush with H; only for 5 minutes

« growth: change the H,-flow to 50 sccm and turn on the methane flow to 75 sccm (standard
recipe, low flow), stop 15 min

+ add Ar flow (0.6251/min), stop CH, flow after 15 min, change H; flow to 200 sccm, turn off
the heater

« open oven at 350 °C, turn off H; at 200 °C, stop Ar flow at 90 °C and pump the oven

B.2. Fabrication of normal conducting circuit chips

Marker deposition

Chip preparation

+ A 4inch Si wafer is spin coated with S1818 at 4000 rpm for 60 s and diced with a wafer saw
into 20 mm X 20 mm chips.

+ cleaning of an individual 20 mm X 20 mm chip

resist lifting in acetone (90°C, 10 min on a hot plate, then ultrasonication power 9,
2 min)

changing to a beaker with cold acetone (ultrasonication power 9, 2 min)

dip in a beaker with IPA, short rinse for 10s

changing to a new beaker with IPA (ultrasonication power 9, 2 min)

blow dry with nitrogen
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« oxygen plasma (10 min, 240 W, 25 sccm), Diener low pressure plasma cleaner
Optical lithography
« spin coating (degazing on hotplate at T>100 °C, spin coat AZ5214E at 6000 rpm for 1 min,

bake out at 110 °C for 90 s)

- optical exposure through mask (365 nm, 13 mW/cm?, hard contact, gap 50 um, 5s) chip
placement with the clamp shadow on the bottom

« development (30 s in AZ MIF726, stop bath 40 s DI Water)
Evaporation

« Kaufman cleaning in Kaufman source (90 s descum at 40V, 200 V beam voltage, 9 sccm Ar,
1scem O,)
« evaporate 5nm Ti, 40 nm Au at 0.2 nm/s in the Prevac e-beam evaporator

Lift-off
« lift-off in acetone (90 °C, 10 min on a hot plate, then bubble with a plastic pipette, shake the

chip and use the acetone rinsing bottle before moving to the next beaker)

« changing to a beaker with cold acetone (ultrasonication power 9, 2 min, shake the chip for
10s)

« dip in a beaker with IPA, short rinse for 10s

« changing to a new beaker with IPA (ultrasonication power 9, 2 min)

+ blow dry with nitrogen

Gate lithography

E-beam lithography

« bakeout chip at 185 °C for 3 min

« spin coating: MMA/PMMA copolymer 33%, 4000 rpm, 60 s (for 355 nm thickness) or 6000 rpm,
60 s (for 210 nm thickness), bakeout 3 min, 185 °C

« spin coating: PMMAG600K, 4000 rpm, 60 s (for 150-200 nm) or 6000 rpm, 60 s (for 90 nm),
bakeout 3 min, 185 °C

« e-beam lithography (dose 500 uC/cm?, 50 kV)

« development (90 s in Ar600.56, stop bath: 45 s in IPA)

Evaporation

« Kaufman cleaning in Kaufman source (90 s descum at 40 V, 200 V beam voltage, 9 sccm Ar,
1scem O,)
« evaporate 5nm Ti at 0.2 nm/s, 5nm Al at 0.2 nm/s, 7 nm AlOx at 0.1 nm/s

Lift-off
« lift-off in acetone (90 °C, 12 min on a hot plate, then bubble with a plastic pipette, shake the

chip and use the acetone rinsing bottle before moving to the next beaker)

« changing to a beaker with cold acetone (ultrasonication power 3, 2 min, shake the chip for
10s)

« changing to a new beaker with IPA (ultrasonication power 3, 2 min)

+ blow dry with nitrogen
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Contact electrode lithography

E-beam lithography

bakeout chip at >150 °C for 1 min

spin coating: MMA/PMMA copolymer 33%, 4000 rpm, 60 s (for 355 nm thickness) or 6000 rpm,
60 s (for 210 nm thickness), bakeout 3 min, 185 °C

spin coating: PMMAG600K, 4000 rpm, 60 s (for 150-200 nm) or 6000 rpm, 60 s (for 90 nm),
bakeout 3 min, 185 °C

e-beam lithography (dose 420 uC/cm?, 50 kV)
development (90 s in Ar600.56, stop bath: 45 s in IPA)

Lift-off

lift-off in hot NEP overnight (90 °C, then bubble with a plastic pipette, shake the chip and
use the acetone rinsing bottle before moving to the next beaker)

changing to a beaker with hot acetone (90 °C, 10 min, bubble with a pipette)

changing to a beaker with cold acetone (ultrasonication power 3, 2 min, shake the chip for
10s)

changing to a new beaker with IPA (ultrasonication power 3, 2 min)
blow dry with nitrogen

Trench etching

Optical lithography

spin coat S1818 at 4000 rpm for 60 s

bakeout at 115 °C for 60s

optical exposure through mask (365 nm, 13 mW/cm?, hard contact, gap 50 um, 7 s), pattern:
MoRe pattern trench, chip placement with the clamp shadow on the bottom

development (30 s AZ MIF726, stop bath 30 s Di water), long blow dry from different directions
to get rid of all the water

Trench etching
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Reactive ion etching

— always make sure the chamber pressure p<5e-5 mbar before starting a process

— 30min O, conditioning to have the Baratron warm up, always adjust the pressure
screw before each process

— SiO; etching with CHF5 (70 W, 18 min, 6 Pa, 50 sccm)
— 5min O, conditioning
— SiO; etching with CHF; (70 W, 18 min, 6 Pa, 50 sccm)

- conditioning for Bosch process 10 cycles, 25 sccm, 8 Pa (100 W bias for C4Fg, 200 W
bias for SFg, each step for 20 s)

— Si trench etching: Bosch process 25 cycles, 25 sccm, 8 Pa (100 W bias for C4Fs, 200 W
bias for SFs, each step for 20 s)

— total etch depth about 12-15 pm
resist stripping

— lift-off in acetone (90 °C, 20 min on a hot plate), insert the chip in warm acetone beaker,
that feels hot when touching and shake it heavily for 30 s before dropping it



B.3. Fabrication of MoRePd/MoRePt circuit chips

intense pipette bubbling in hot acetone

ultrasonication power 2, 2 min, shake and bubble again

rinse with the acetone rinsing bottle

change to beaker with cold acetone, ultrasonication power 2, 2 min
rinse with acetone rinsing bottle

dip in a beaker with IPA, short rinse for 10s

changing to a new beaker with IPA, ultrasonication power 2, 2 min
blow dry with nitrogen

Chip dicing

« protective spin coating S1818 at 6000 rpm for 60 s
« bakeout at 80 °C for 5 min
+ dicing into 10 small chips per 20 mm X 20 mm chip

Cleanup of individual chips

clean in acetone (90 °C, 10 min on a hot plate), insert the chip in warm acetone beaker, that
feels hot when touching

ultrasonication power 2, 2 min, shake chip

rinse with the acetone rinsing bottle

change to beaker with cold acetone, ultrasonication power 2, 2 min
dip in a beaker with IPA, short rinse for 10s

changing to a new beaker with IPA, ultrasonication power 2, 2 min

blow dry with nitrogen

Ar milling

« microbond the chip

+ Ar milling to remove top few nm in Kaufman source (70 s at 40 V discharge voltage, 200 V
beam voltage, 9 sccm Ar, removing 6 nm of Pd, or 90 s for 5 nm of Pt)

« shortest air exposure possible before transfer to SEM vacuum chamber for nanoassembly

B.3.

Fabrication of MoRePd/MoRePt circuit chips

MoRePd/Pt sputtering

Chip preparation

« A 4inch Si wafer is spin coated with S1818 at 4000 rpm for 60 s and diced with a wafer saw
into 15mm X 15 mm chips.

+ cleaning of an individual 15 mm X 15 mm chip

resist lifting in acetone (90°C, 10 min on a hot plate, then ultrasonication power 9,
2 min)

changing to a beaker with cold acetone (ultrasonication power 9, 2 min)

dip in a beaker with IPA, short rinse for 10 s

changing to a new beaker with IPA (ultrasonication power 9, 2 min)

blow dry with nitrogen

« oxygen plasma (10 min, 240 W, 25 sccm), Diener low pressure plasma cleaner
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Sputtering

transfer chip to homemade sputterer, pumping with primary pump to low 1le-2 mbar, then
connect to main chamber

preheat the chip in the main chamber at 200 °C for 15 min (ramp for 4 min to reach 200°C
(6 A at the current source), reduce to 2.7 A at 180 °C, start timer at 190 °C)

cooldown below 100 °C perform a presputtering for 2 min with the final powers, then wait
for pressure p<1.5e-6 mbar,

Ar atmosphere for sputtering, flow 7.5 sccm and pressure 0.007 mbar

sputter 13-15nm Mo (151 W, 49s), exact thickness has to be calibrated after each target
exchange at the sputter gun

cosputter 41 nm MoRe for 90s, Mo (151 W), Re (111 W)

sputter 13 nm Pd (with RF gun, 75 W forward power, 38 s) or 11 nm Pt (with DC gun, 75W,
increase pressure to 0.0082 mbar before, 37 s Pt)

cooldown below 70 °C
storage in vacuum never expose to NEP or DMSO or oxygen plasma again

Marker deposition

Optical lithography

spin coating (degazing on hotplate at T>100 °C, spin coat S1818 at 6000 rpm for 1 min, bake
out at 115°C for 1 min 15 s)

optical exposure through mask (365 nm, 13 mW/cm?, hard contact, gap 40 pm, 7 s), pattern:
mask Mo-Re, pattern 2.1, chip placement with the clamp shadow on the bottom
development (35 s in AZ MIF726, stop bath 30 s DI Water)

Evaporation

Kaufman cleaning in Kaufman source (60 s descum at 40V, 200 V beam voltage, 9 sccm Ar,
1sccm O,)

evaporate 5 nm Ti, 40 nm Au at 0.2 nm/s in the Prevac e-beam evaporator

Lift-off

200

lift-off in acetone (90 °C, 10 min on a hot plate, then bubble with a plastic pipette, shake the
chip and use the acetone rinsing bottle before moving to the next beaker)

changing to a beaker with cold acetone (ultrasonication power 9, 5 min, shake the chip for
10s)

dip in a beaker with IPA, short rinse for 10 s
changing to a new beaker with IPA (ultrasonication power 9, 2 min)
blow dry with nitrogen
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Negative contact lithography

Optical and e-beam lithography

bakeout chip at 200 °C for 8 min, 1 min cooldown (to get better resist sticking)

spin coat ma-N2405 directly afterwards at 3000 rpm for 60 s

bakeout at 90 °C for 60 s

e-beam lithography (dose 125 uC/cm?, 50 kV)

optical exposure through mask (250 nm filter, 375 W, 0.73 mW/cm?, constant power (CP-

mode), hard contact, gap 40 um, 20 s), pattern: mask Mo-Re, pattern 2.2, chip placement
with the clamp shadow on the bottom

development (50 s MIF319, moving the chip gently around (this can have an influence on the
development), stop bath 50 s DI water), long blow dry from different directions to get rid of
all the water

post exposure bakeout (80 °C for 10 min, after development)

Contact etching

+ Ar milling of Pd/Pt (13 nm or more)

chip orientation matters: number bottom (away from plasma) or clamp on top facing
the plasma

Ar milling in Kaufman source (90's, 50 V discharge, 500 V beam, high discharge current,
10 sccm Ar), angle 45° to the substrate

+ Reactive ion etching

always make sure the chamber pressure p<5e-5 mbar before starting a process

30 min O; conditioning to have the Baratron warm up, always adjust the pressure
screw before each process

10 min conditioning: SF4 15 sccm, Ar 5 sccm, O, 1 scem; 2 Pa, 200 W, expect -550 V bias
MoRe etching (30 s): SFs 15 sccm, Ar 5 scem, Oz 1scem; 2 Pa, 200 W, expect -550 V bias
10 min conditioning: O, (plasma should change color, yellow to blue-white)

210 s conditioning: 25 sccm CHFs, 23 sccm Ar, 2 scem Og; 150 W, 6 Pa (expect -450V
bias)

SiO; etching (210 s): 25 sccm CHF3, 23 scem Ar, 2 scem Og; 150 W, 6 Pa (expect -450 V
bias)

total etch depth about 220 nm

« resist stripping

This step might appear a little exaggerated but it is crucial, as only acetone can be used
and the resist does not get removed easily.

lift-off in acetone (90 °C, 20 min on a hot plate), insert the chip in warm acetone beaker,
that feels hot when touching and shake it heavily for 30 s before dropping it

intense pipette bubbling in hot acetone

ultrasonication power 9, 6 min, power 5, 2 min and power 2, 2 min, shake and bubble
again

rinse with the acetone rinsing bottle

change to beaker with cold acetone, ultrasonication power 9, 2 min

rinse with acetone rinsing bottle

dip in a beaker with IPA, short rinse for 10s

changing to a new beaker with IPA (ultrasonication power 9, 2 min)

blow dry with nitrogen
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Gate lithography

E-beam lithography

« bakeout chip at 185 °C for 5 min

« spin coating: PMMAG600K at 2000 rpm, bakeout 3 min, 185 °C
« spin coating: PMMA950K at 6000 rpm, bakeout 3 min, 185 °C
« e-beam lithography (dose 500 uC/cm?, 50 kV)

« development (60 s in Ar600.56, stop bath: 1 min in IPA)

Evaporation

« Kaufman cleaning in Kaufman source (60 s descum at 40 V, 200 V beam voltage, 9 sccm Ar,
1sccm O,)

« load chip at -25° angle and with same chip orientation as for Ar milling
« evaporate 20 nm Ti at 0.2 nm/s and 25 nm Pt at 0.1 nm/s

Lift-off

« lift-off in acetone (90 °C, 20 min on a hot plate, then bubble with a plastic pipette, shake the
chip and use the acetone rinsing bottle before moving to the next beaker)

« changing to a beaker with cold acetone (ultrasonication power 5, 2 min, shake the chip for
10s)

« dip in a beaker with IPA, short rinse for 10s

« changing to a new beaker with IPA (ultrasonication power 5, 2 min)
+ blow dry with nitrogen

« higher sonication power destroys the gates

Trench etching

Optical lithography

« spin coat S1818 at 4000 rpm for 60 s
+ bakeout at 115 °C for 60 s

- optical exposure through mask (365 nm, 13 mW/cm?, hard contact, gap 50 um, 7 s), pattern:
MoRe pattern trench, chip placement with the clamp shadow on the bottom

« development (30 s AZ MIF726, stop bath 30 s DI water), long blow dry from different directions
to get rid of all the water

Trench etching
+ Reactive ion etching

— always make sure the chamber pressure p< 5e-5mbar before starting a process

— 30min O, conditioning to have the Baratron warm up, always adjust the pressure
screw before each process

— SiO; etching with CHF; (70 W, 18 min, 6 Pa, 50 sccm)
- 5min O, conditioning
— SiO; etching with CHF; (70 W, 18 min, 6 Pa, 50 sccm)

— Conditioning for Bosch process 10 cycles, 25 sccm, 8 Pa (100 W bias for C4Fg, 200 W
bias for SFg, each step for 20 s)

— Si trench etching: Bosch process 25 cycles, 25 sccm, 8 Pa (100 W bias for C4Fs, 200 W
bias for SFg, each step for 20 s)
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— total etch depth about 12-15 um
» Resist stripping

— lift-off in acetone (90 °C, 20 min on a hot plate), insert the chip in warm acetone beaker,
that feels hot when touching and shake it heavily for 30 s before dropping it

- intense pipette bubbling in hot acetone

— ultrasonication power 2, 2 min, shake and bubble again

— rinse with the acetone rinsing bottle

— change to beaker with cold acetone, ultrasonication power 2, 2 min
— rinse with acetone rinsing bottle

— dip in a beaker with IPA, short rinse for 10s

— changing to a new beaker with IPA, ultrasonication power 2, 2 min
— blow dry with nitrogen

Chip dicing
« protective spin coating S1818 at 6000 rpm for 60 s

+ bakeout at 80 °C for 5min
« dicing into 6 small chips per 15 mm X 15 mm chip

Cleanup of individual chips

« clean in acetone (90 °C, 10 min on a hot plate), insert the chip in warm acetone beaker, that
feels hot when touching

« ultrasonication power 2, 2 min, shake chip

« rinse with the acetone rinsing bottle

« change to beaker with cold acetone, ultrasonication power 2, 2 min
« dip in a beaker with IPA, short rinse for 10s

« changing to a new beaker with IPA (ultrasonication power 2, 2 min)
+ blow dry with nitrogen

Ar milling

 microbond the chip

« Ar milling to remove top few nm in Kaufman source (70 s at 40 V discharge voltage, 200 V
beam voltage, 9 sccm Ar, removing 6 nm of Pd, or 90 s for 5 nm of Pt)

« shortest air exposure possible before transfer to SEM vacuum chamber for nanoassembly
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