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Abstract

Carbon nanotubes (CNTs) are a unique and versatile platform for nanoelectromechanical systems
(NEMS) due to their one-dimensional structure alongside a low mass density and large Young’s modulus.
This pushes their mechanical bending mode resonance frequencies in the range of hundreds of MHz,
which is an experimentally well accessible regime and energetically comparable to the thermal energy
at cryogenic temperatures. Combining their electrically tunable conduction behaviour and the large
mechanical quality factor, they are suited for high sensitivity experiments acting e.g. as a mass sen-

sor or a host for a qubit. However, their integration into complex circuits remains a challenge up to date.

In this work, we realised ultra-clean suspended CNTs that are locally tunable via multiple gate
electrodes by sophisticated nanofabrication, where the CNT is integrated into a priorly fabricated
metal-circuit in the last fabrication step. This is done either by chemical vapour deposition of the
CNT on-chip or with a stamping process depositing a CNT grown on a separate chip onto the metal
electrodes using a nano-assembly technique. The electric potential along the CNT can be modified
precisely using local gates, allowing to induce up to three quantum dots in series. The coupling of
these quantum dots with mechanical modes enables the realisation of complex experimental schemes
making use of the adjustable electron-phonon interaction.

Besides the realisation of spin and charge qubits, mechanical qubits or phononic ground state cooling
have been proposed in this type of device. Additionally, they are suitable platforms for spin-state
read-out of a single-molecule magnet (SMM). SMMs can be imagined as a nanoscale magnet consisting
of a single spin embedded in an organic ligand shell. They can behave as spin-qudits and the CNT
could offer a controllable qudit readout using electronic transport measurements, based on magnetic

flux-coupling or spin-phonon coupling.






Kurzzusammenfassung

Kohlenstoffnanoréhren (CNT) sind durch ihren eindimensionalen Aufbau sowie ihre geringe Dichte
bei gleichzeitig hohem Elastizitatsmodul eine einzigartige, vielseitig anwendbare Plattform fiir na-
noelektromechanische System (NEMS). Die strukturellen Eigenschaften sorgen fiir eine Frequenz
der mechanischen Schwingungen im Bereich von einigen hundert MHz, was sie experimentell gut
kontrollierbar macht und energetisch dhnlich zur thermischen Energie bei kryogenen Temperaturen.
Die Kombination aus hoher Giite der mechanischen Schwingung und Verstimmbarkeit der Elek-
tronenergielevel mittels elektrischer Felder macht CNTs zu einem geeigneten System fiir hochprazise
Messungen beispielsweise als Sensor oder Qubitplattform. Ein nach wie vor grof3es Problem bleibt
jedoch ihre Integration in komplexere Schaltkreise.

In dieser Arbeit haben wir durch sorgfiltig entwickelte Nanofabrikationsprozesse sehr saubere und frei
hiangende CNTs hergestellt, die durch lokale Gates elektrisch steuerbar sind. Die CNTs wurden dabei
als letzter Schritt in zuvor gefertigte Nano-Schaltkreise integriert, entweder durch Gasphasenabschei-
dung direkt auf den Elektroden oder durch eine Stempeltechnik bei der die CNT auf einem separaten
Chip gewachsen wurde und in einem Nanomontageprozess auf den Schaltkreis tibertragen wird. Die
lokalen Gate Elektroden erlauben eine prizise Modifikation des elektrischen Potentials und dadurch
die Erzeugung von bis zu drei Quantenpunkten in Reihenschaltung in der CNT. Die Kopplung dieser
Quantenpunkte and die mechanischen Schwingungsmoden eréffnet die Moglichkeit der Kontrolle der
Elektron-Phonon Wechselwirkung in der CNT.

Die frei hangenden CNTs sind zusétzlich geeignete Plattformen fiir die Auslese des Spin-Zustandes
eines Einzelmolektlmagnetens (SMM) durch Spin-Phonon-Kopplung. SMMs kénnen einen Spin-Qudit
formen und die CNT eroffnet die Moglichkeit einer kontrollierten Auslese durch Messungen der
elektrischen Leifahigkeit.
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1 Introduction

For decades, the semicondutcor industries’ solution to ever increasing customer demands has been
the miniaturisation of functional components. This gave rise to incredible technological advances in
particular in silicon CMOS (complementary metal-oxide-semiconductor) fabrication following the
self-fulfilling prophecy of "Moore’s law’, which predicted a doubling of the transistor density every
two years. However, this approach reaches its fundamental limits, when quantum effects, like leakage
tunnelling currents, start to affect the device performance. Therefore, new technologies are needed,
that possess an intrinsic advantage over classical electronics.

The advent of quantum computing as a concept working with completely different rules than a classical
computer induced a paradigm shift and demanded a rethinking of how to perform computing. While
classical computing is based on bits with two states, quantum computing is based on quantum bits
(qubits) that are a superposition of two quantum states. Making use of this superposition, entanglement
and interference phenomena quantum computers are theorised to require exponentially less compu-
tation steps than a classical computer for specific application cases. This opened the field for other
technologies, since the physical nature of a qubit is not fixed. Qubits have been realised in industrially
nanofabricated superconducting circuits [1], quantum dots in two-dimensional electron gases [2] or
one-dimensional nanotubes [3, 4], a single spin in a molecule [5], optically active defects [6], trapped
ions [7] and more. The different qubit designs all come with their own set of benefits and drawbacks
considering scalability, tunability and fidelity. To give an example, several trapped ions are all identical
which makes them somewhat easy to manipulate at the cost of low tunability, as the ions are identical
and the number of different ions is limited. On the opposite end of the size spectrum are artificial
atoms e.g. superconducting circuits. By means of nanofabrication superconducting circuits can be
altered easily between different generations, but, due to their macroscopic size and large tunability,

each superconducting circuits will have its own distinct set of parameters.

One system providing a potential trade-off of large tunability and large reproducibility are single-
molecule magnets (SMMs). Single-molecule magnets feature a single giant spin typically originating
from transition metals surrounded by an organic ligand shell with a strong anisotropy. The possibility
of chemical synthesis allows for millions of identical molecules with electronic and binding properties
tunable by chemical engineering of the central atom and the surrounding ligand shell. This chemical
synthetisation of gives rise to the production of millions of identical qubits, widely tunable between
generations. A frequently studied SMM is terbium (bis)phthalocyaninato (TbPc;), where the central
terbium ion in the crystal field is responsible for the giant spin. The terbium nuclear-spin states feature
extremely long lifetimes up to years [8] and coherence times at cryogenic temperatures, due to their

strong decoupling from the environment as they interact via the giant spin which in itself is well



1 Introduction

protected by the organic ligands. However, the small size of a molecule and the strong decoupling
come at the price of a significant challenge in terms of integration into other systems and spin state
readout. In previous experiments, amongst others, a spin-transistor [9, 10], a spin-valve [11-13] or
coupling to a mechanical motion of a carbon nanotube nanoelectromechanical systems (CNT NEMS)
[14-16] have been achieved in order to readout the (nuclear-) spin state. The multilevel nuclear system
allowed the realisation of a quantum digit (qudit) and the application of the Grover algorithm has been
demonstrated [17].

This thesis aims to continue the work on spin-phonon coupling using CNT NEMS as a clean and
versatile platform. A CNT in itself is an interesting nanoscale object based on its one-dimensionality,
exceptional mechanical properties and electronic tunability rendering them well suited for NEMS-
applications. CNTs have been used in many experiments such as (spin) qubits [18], ultra-high quality
factor mechanical resonances [19], formation of a Wigner-crystal [20], Franck-Kondon blockade [21]
and more.

CNTs can be produced in a lab without the need of high-end equipment by using chemical vapour
deposition [22]. Over the years, different ways of integrating CNTs into metal circuits have been
realised. The metal circuit can be patterned around the CNT lying flat on a surface and the contact is
done by depositing a conductive material on top of a CNT segment [23, 24]. Similarly, the CNT can be
grown on top of the metal circuit by locally depositing catalyst nanoparticles at the positions where
CNTs are supposed to be integrated [25, 26]. A different approach comprises the growth on a separate
chip and transferring the CNT as a last step with an assembly system onto the metal circuit fabricated
prior to the assembly [27]. Each technique has its benefits and drawbacks in terms of cleanliness,
contact resistance and versatility discussed in a later chapter, but for this work only the latter two
approaches were used since the CNT will not be contaminated by solvents or resist this way. By
suitable nanofabrication processes, a CNT suspended above several local gates able to tune the electric
potential along the CNT has been realised. The integration was possible via direct growth or transfer.
The coupling of two nanoscale objects, a CNT and an SMM, still is a significant challenge. In the past,
solutions containing SMMs were dropcasted on chips hosting CNTs. While this proved to be successful
[14], the cost was an exposure of the CNT to the solvent inevitably contaminating the CNT with other
hydrocarbons as well. To provide a cleaner method of depositing SMMs, in this work an evaporation
system was remodelled in order to couple thermally evaporated SMMs to a CNT without the need of
additional solvents therefore keeping the CNT clean.

The readout of the molecular spin state using the CNT can be based on a spin-valve effect [11] affecting
electric transport by a magnetoresistive effect, magnetic-flux coupling in a de-SQUID (superconducting
quantum interference device) with the CNT as the superconducting weak link [24, 28] or a coupling to
the mechanical modes of the CNT [14]. Spin relaxation processes require a conservation of angular
momentum which forces the creation or annihilation of a phonon, which have a discrete energy
spectrum in the case of CNT NEMS, resulting in selective relaxation dynamics [16] for an SMM grafted
on a CNT. In case of a magnetic field that is not parallel to the easy axis of the SMM, the interaction
with the magnetic moment forces a torque on the CNT that induces additional strain which shifts the

mechanical resonance frequency. Mechanical resonances in a small NEMS often follow the behaviour



of a bifurcating Duffing-oscillator [29] which can cause huge signal jumps for small variations. This
way, a binary readout can be realised, which was the aim of this work. However, the coupling between
the molecular spin and electronic transport or the mechanical modes could not be realised and the
focus shifted to the study of the, in itself, interesting system of a CNT NEMS.

In chapter 2, an introduction into the physics of CNTs in context of quantum dots and nanomechanics
is provided. The chapter concludes with a description of SMMs and how the coupling to CNTs could
be realised. Following this, in chapter 3 an overview of the fabrication processes as well as necessary
trade-offs for the different sample types produced and measured are given. The section also contains
parts on the room-temperature selection and annealing of devices to improve the interface quality.
Besides room-temperature measurements, experiments were also performed at cryogenic temperatures
in a setup that is presented in chapter 4. The data acquired at cryogenic temperatures, studying
mechanical resonance modes as well as single and double quantum dots, is shown and discussed in
chapter 5. The last chapter 6 provides a summary of the achievements and encountered problems of

this thesis and gives an outlook on the future evolution of this experiment.






2 Theoretical background

This section is dedicated to the theory behind the physical phenomena observed in the experiments
shown in chapter 5. Since this thesis mainly evolves around the work with carbon nanotubes, their
structure, mechanical and electronical properties are introduced first. Afterwards, a section on quantum
dots in general and quantum dots in carbon nanotubes in specific explains the second big aspect of this
thesis. Since we used suspended carbon nanotubes, the third subsection is dedicated to the description
of their mechanical resonance modes and their interplay with electronic transport. The chapter is

concluded by an introducing part on single-molecule magnets and how we wanted to integrate them.

2.1 Introduction to carbon nanotubes

2.1.1 Structure and mechanical properties of carbon nanotubes

A carbon nanotube (CNT) is one of the possible allotropes of elemental carbon. In its natural form
carbon consists of 99 % 2C which features no nuclear spin. The electronic structure of carbon reads
[He]2s%2p? and carbon thus has four valence electrons. Due to its ability to form stable hybridised
orbitals, a small zoo of different configurations is possible. In this hybridisation the 2s and up to
three 2p-orbitals combine and take a tetragonal (sp?), trigonal (sp?) or linear (sp) shape by forming
o-bonds. While sp3-hybridised carbon (e.g. diamond) already finds use in technical applications due
to its hardness and optical properties, sp?-hybridised carbon only received some attention with the
discovery of fullerenes in the 1980s [30], carbon nanotubes in 1991 [31] and culminated in the discovery
of graphene in 2004 [32]. Graphene is formed by a monolayer of sp?-hybridised carbon forming a
honeycomb-lattice, while the p, orbitals are arranged out of plane, and form a 7-binding between
them. The lattice can be described by the two lattice vectors a; and a; (see figure 2.1) and thus a vector
C with

-

C = nd; + ma, (2.1)

using n, m € Z as chirality indices can connect any two points on the lattice. The two lattice vectors a;
and a, have a length of 1.42 A with an angle a of 60° between them. A pictorial way of looking at a
CNT is to imagine it as a rolled up sheet of graphene (figure 2.1) where the chirality vector C describes
the rolling direction and therefore the symmetry. Knowing the chirality vector an expression for the
CNT diameter, assuming a perfect circular cross-section, can be derived:

a= L Ay, (2.2)

/4 /1

This is true for a small diameter CNT. In case of a larger diameter, the CNT tends to flatten [33]. If

the chirality vector aligns with either one of the lattice vectors, the CNT possesses a so called zig-zag
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symmetry. If the chirality vector has an angle of @/2 to one of the lattice vectors, the CNT possesses
an armchair symmetry. These symmetries can also be expressed in terms of the chirality indices n, m
where a zig-zag symmetry has n # 0, m = 0 and an armchair symmetry n = m. All other linear
combinations of n, m are called chiral nanotubes.

Similarly to the well known unique mechanical properties of diamond, graphene and carbon nanotubes

Figure 2.1: Schematic representation of a graphene lattice and the imaginary rolling pattern
of a CNT. If a graphene lattice was to be cut along the yellow vector T and then rolled
following vector C a chiral carbon nanotube with the index tuple (n, m), and in this case
specifically (4,1), would be formed. The vectors C,T are forming the unit cell. If the rolling
was occurring along specific symmetry axes with either n = m or m = 0 # n the resulting

nanotube is called armchair or zig-zag type.

feature a remarkably high mechanical strength. A measure to express mechanical strength is Young’s
modulus Y given by the ratio of tensile or compressive stress o to the linear deformation ¢. For in-
plane strain, carbon nanotubes and graphene possess a Young’s modulus of about 1 TPa [34] which
is among the highest of any material known so far. However, carbon nanotubes are far softer in
radial direction with a Young’s modulus below 60 GPa that is decreasing for an increasing tube radius
[35]. The reason behind this high in-plane strength can be found in the high stability o-bonds of the
hybridised sp? orbitals. Since carbon nanotubes also have a low density, mechanical resonances will
have a comparably high resonance frequency in the hundreds of MHz range for bending modes or
tens of GHz for stretching modes, which makes them readily accessible and combinable with common

rf-techniques rendering them a very interesting material for nanoelectromechanical systems (NEMS).

2.1.2 Electronic properties of carbon nanotubes

When describing the electronic properties of carbon nanotubes, it is instrumental to describe the prop-

erties of graphene and then look at the occurring deviations due to the curvature and the constraints to
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one dimension. As mentioned, the hybridised electrons are located in o-bonds forming the hexagonal
lattice but they do not partake in electronic transport. The electronic transport is dominated by the
delocalised 7- and 7*-orbitals formed by the out-of plane oriented p,-orbitals. The 7- and 7*-orbitals
give rise to the valence and conduction band. Following tight-binding calculations performed for

graphite, the energy dispersion was found to be [36, 37]

E. (k) = 1+/3 + f(k) — t' F (k) (2.3)

f(l;) = 2cos (\/gkya) + 4 cos (?kya) cos (gkxa) (2.4)

with t and ¢’ being the hopping energies to the nearest and next-nearest neighbours in the sublattice,
respectively. Plus and minus correspond to the 7* and 7 band while k,, k, are the components in
k-space. From the formula alone it is expected that the dispersion is symmetric around zero in case
of t’ = 0. In case of t’ # 0 electron-hole symmetry is broken and the conduction and valence band
become asymmetric [36]. A plot of the resulting band structure with hopping parameters is shown in

figure 2.2. The hexagonal lattice structure still determines the symmetry in the band structure resulting

Ekye

Figure 2.2: Band structure of graphene according to eq. (2.4). The upper and lower bands are

touching at the six Dirac points. In their vicinity linear dispersion can be observed.

in six pairs of cones facing each other and forming a hexagon. The points in the band diagram where
the cones are touching are called Dirac points. Neighbouring Dirac points cannot be connected by
using reciprocal lattice vectors and are thus two different sites labelled K and K’. This results in two
distinguishable electronic states called valley-states. Since the cones are touching at the Dirac points,
graphene possesses no bandgap and the Fermi energy Er is right between the cones and crossing the

touching point. Upon expansion of eq.(2.4) around a Dirac point K using k=K+ q in the limit of

2
) 25)

Iq] < |I%| a linear dispersion can be observed [37]:

-

E(§) = +huvs|d] +0(

g
K
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with g as the momentum relative to the K-point and the Fermi velocity v; given by v = 3ta/2 ~ 10° ms™?.

The resulting Fermi velocity is rather unusual as it does not depend on either momentum or energy
[36].

As previously mentioned, a CNT can be imagined as a rolled up sheet of graphene. While a sheet of
graphene can be described as a two-dimensional (2D)-crystal of infinite size in two-dimensions, a CNT
possesses a one-dimensional (1D)-symmetry and thus deviations are to be expected. The transition
from 2D to 1D is done with the so called zone-folding approximation by introducing periodic boundary
conditions for the radial component k, which is oriented orthogonal to the nanotube symmetry axis.

This results in a quantisation in the direction of the chirality vector C. The values of k, are given by
kC = ndk, = 27l (2.6)

with an integer [. For sufficiently long nanotubes there is no quantisation along the tube axis T, ie. ky
is not quantised, and electrons can move freely in this direction. This results in a modification of the

band structure around the Dirac cones and eq. (2.5) can now be written as

Ep(ky, k||) = v, /ki + kﬁ. (2.7)

The quantisation of k, results in the creation of one sub-band per k, -vector (figure 2.3). If at least one
of the sub-bands crosses a Dirac point, the CNT is considered to be metallic. If none is crossing, it
is considered to be semiconducting due to the emerging bandgap. It was found that this can also be
expressed in terms of the chiral indices [38] n, m: A CNT is metallic if 2n + m = 3] where [ is again
an integer. This condition is always fulfilled for armchair nanotubes with n = m and they are thus
considered to be metallic. For zig-zag nanotubes (m = 0) this condition is only fulfilled for n = 3p and
thus the majority is considered semiconducting. However, these arguments assume no influence of the
curvature which can shift the Dirac cones and deviations are observed when taking the latter into
account [39]. It was found that the bandgap scales with the diameter of the nanotube and approximately
follows AEg,, = % eV with the diameter d in nm for small diameter nanotubes and a proportionality
of o % for larger diameters [40]. As a result, even many supposedly metallic nanotubes feature small
bandgaps and are called narrow-gap nanotubes. Besides curvature, it was found that mechanical strain,
e.g. induced by an atomic-force-microscopy- (AFM)-tip, can modify the bandgap [41].

This resulting bandgap allows for many applications in analogy to frequently used semiconductor
techniques in contrast to graphene which does not have a bandgap and thus complicates applications
such as transistors. With this bandgap, however, and due to the tunability of electronic states in the
CNT, electric charges can be spatially confined which will be discussed in section 2.2 where quantum
dots are introduced.

The (electric) conductance of a one-dimensional conductor can be expressed as the sum of all conduction
channels that each contribute one quantum of conductance Gy = %: G = NGyT in the case of N
conduction channels with perfect transmission T = 1 [43]. In reality, of course, some channels will be
partially suppressed. In case of a scattering free CNT (i.e. its length L is smaller than the electron mean
free path ) the intrinsic resistance has a lower limit of R = ﬁ ~ 6.5kQ. The factor 2 is a result of the

two different valley states, the two possible spin states are already considered in the definition of Gy.
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ki
« S : :
\ 0 ky
5 ) N
ky ky Er 1+ — 7__\IEgap
' CA

Figure 2.3: Schematic representation of the consequences of the zone-folding approximation.
a) The periodic boundary conditions result in a Brillouin zone in the shape of a line. In the
case of a metallic nanotube the resulting lines touch at least one Dirac point and the result
is analogous to graphene zero-bandgap. b) If the perpendicular component k, is finite, as
for this exemplary chiral nanotube, no Dirac point is crossed and a bandgap of energy Egap,
emerges. Figure adapted from [42].
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In real CNT devices, however, scattering as well as an interface resistance Rc between the CNT and
the contacting material will result in an increased resistance [44]:
R h + h L + 2R (2.8)
T 4e? T 4e2], c '
Typically, the contact resistance Rc is non-negligible and is often even the dominating contribution to
the overall resistance. The next section is dedicated to this arising resistance in the form of Schottky

barriers and how they can be understood as well as reduced.

2.1.3 Carbon nanotube - metal interface

The resistance between a carbon nanotube and a metal contact is sensitive to a few contributing factors.
Generally a good electric contact occurs if there is a large orbital overlap between metal and carbon
nanotube and energy levels are easily accessible. It is obvious that surface contaminations that form
an intermediate layer between the CNT and the metal deteriorate the contact quality and, if not for
some lucky chance, increase the contact resistance. This was observed for early devices where the
nanotubes have been dispersed on pre-patterned contacts [45, 46]. The surface contaminations as
well as the loose attachment resulted in a contact resistance of about 1 MQ. Materials that have a
high work function (e.g. gold, platinum) have been chosen for the contacting laye that match the high
work function of CNTs (~ 4.8 €V [47]). A mismatch in the work function and the effect of Fermi-level
pinning can result in the formation of Schottky barriers (figure 2.4), where an energy barrier occurs at
the interface between a (semiconducting) nanotube and a metal.

In case of carbon nanotubes this barrier decays over a few nm [48] due to the point-like geometry of
the contact and acts as a tunnelling barrier with a tunnelling rate depending on the temperature. The
observable I-V characteristics of such a contact resemble a diode.

When contacting a carbon nanotube from the side, charge injection into the CNT may only take place
by interaction with the p, orbitals. Due to the curvature, the overlap of individual p,-orbitals is reduced
on the outside of carbon nanotubes compared to the inside and an interaction is facilitated. Typically
nowadays, transition metals are being used to form the contact. Good wetting properties are desired
to increase the overall contact between metal and nanotube which is given for metals like titanium or
palladium while others such as aluminium or gold tend to form islands [48]. Even though titanium has
even better wetting properties than palladium (i.e. stronger binding) it is typically forming non-ohmic
contacts since charge is accumulating more strongly in the atomic layers of the titanium/carbon system
and the interlayer region is depopulated of charge carriers. In case of palladium, excess charge is
accumulated between the two layers [48].

The arguments given for side contacts hint that an increase of the contacting area will result in a
decrease of the contact resistance, which also was observed for different metals [49]. Another way of
contacting the CNT, which is not requiring big overlaps of carbon nanotube and metal, is an edge-
contact where the dangling bonds at the end of a nanotube are covalently bonded to the contacting
material. While this is readily applied for graphene [50] the application for nanotubes is not that easy

due to the much smaller contacting area. Edge-contacts have been achieved by chemical binding to a
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Figure 2.4: Schematic drawing of a Schottky barrier at a semiconductor-metal interface. Left:

An ohmic contact is shown where charge carriers can traverse freely since the Fermi energy
is within the carbon nanotube valence band. The inset shows the typical linear I-V-behaviour.
Right: the case with an emerging Schottky barrier is shown. The inset shows an I-V-curve
that features a barrier for low bias voltages that develops into an exponential increase.

Figure adapted from [48].

metal evaporated on top of the CNT [51] and indeed they show no dependence on the overlapping

length and ohmic behaviour.

2.2 Single and double quantum dots

A quantum dot (QD) is a, as the name implies, zero-dimensional system that can be created by confining
a system in three dimensions. This can be achieved in various systems like a two-dimensional electron
gas in a multistack-semiconductor (e.g. review [52]), a small metallic island, a single molecule magnet
[9] or inside a carbon nanotube (e.g. [20, 53] or review [42]), to name a few.

Due to this confinement and the arising boundary conditions for the electron wave function, the
energy states of the quantum dot only take discrete values and quantum dots are often called artificial
atoms due to the similarities with electronic states in atoms. In the following, the terms electron and
charge carrier are used synonymously. In reality, however, quantum dots still have a finite size that,

in case of a carbon nanotube, is described by the length L due to the one-dimensionality of a carbon

hop
2L

[42]. In a carbon nanotube, the outer boundaries confining the charge carrier may occur naturally in

nanotube. This finite size gives interference conditions and the energy spacing is given by AE =

the form of defects or Schottky barriers but they can also be induced e.g. by tuning the electrostatic
environment.

A way to visualise and realise this is by contacting one end of the carbon nanotube with a metal
electrode source, one end with a metal electrode drain and position a third electrode (gate) in proximity
and capacitively coupled to the carbon nanotube. Assuming Schottky barriers at the metal-CNT
interface, the result is a spatially confined area in the CNT coupled via tunnelling barriers to the

electrodes. A schematic representation of the equivalent circuit is presented in figure 2.5. For the
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2 Theoretical background

Source Quantum dot

Figure 2.5: Schematic equivalent circuit of a quantum dot coupled to two leads. The quantum
dot is coupled capacitively to source, drain and gate with the capacitances Cs, Cq and C,.
Charge carriers can hop onto the dot via tunnelling barriers with the tunnelling rate I'; and
L.

description of this system the electrodes are assumed to be infinitely large reservoirs of electrons
that are coupled to the quantum dot via a tunnelling barrier with the tunnelling rates Iy and I;;. The
tunnelling rates represent the coupling between electrodes and quantum dot. They mainly depend on
the overlap of the electrode and dot wavefunctions where the latter can be tuned by applying a voltage
on the gate electrode. When confining electrons in a small area, the occurring physics are dominated
by discrete charge effects and an additional charging energy due to Coulomb repulsion needs to be
paid when adding an electron to the quantum dot. This charging energy E. can be expressed in terms
of the total capacitance Ciot given by the sum of the device capacitances: Cot = Cs + Cg + Cg. Where C,
C, and Cq represent the capacitance to the source, gate and drain electrode, respectively. The charging

energy is then E. = % for an electron of charge e.

Regimes of transport at low temperatures

The type of observable phenomena is governed by the different energy scales arising from the tunnelling
barriers, the energy level spacing AE in the quantum dot, the thermal energy and the charging energy
E.:

« Thermal energy: The thermal energy is given by kgT and describes the internal energy that
the system has available due to its temperature. Generally thermal energy leads to uncontrolled
excitations and a smearing of sharp features, e.g. in electronic transport. Therefore, for many
experiments on quantum dots the system is cooled down to cryogenic temperatures of ~ 30 mK

which corresponds to an energy of ~ 2.6 ueV, compared to ~ 25 meV at ambient temperatures.

« Coupling: The coupling describes the interaction strength between the quantum dot and its
surroundings. It directly controls the tunnelling rate which describes the rate with which charge

carriers are exchanged between the source (I;) and drain (I) electrodes and the quantum dot. In
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2.2 Single and double quantum dots

general, they can vary and are determined by the electronic density of states and the wavefunction

overlap.

» Charging energy: The charging energy E. determines the energy it takes to add an additional
charge carrier into the quantum dot due to Coulomb repulsion and depends on the total capacitance

of the dot. Typically, the energy scale is in the order of meV.

« Energy level spacing: The energy level spacing AE describes the energy difference between
individual energy levels in the quantum dot and arises from interference conditions due to the

spatial constraint. Here, the energy scale is typically in the order of few meV.

In order to observe clear and clean quantum transport effects it is beneficial to reduce the system
temperature and thereby prevent thermal fluctuations from disturbing the quantum effects. This can

be achieved if the thermal energy is much smaller than the other energy scales involved:
kiT < AE, E., hT. (2.9)

The other major factor competing with the internal energy scales of the quantum dot are the tunnelling
rates, or generally the coupling I'. The energy #I" expresses a finite line broadening of the levels in
the dot as result of the coupling of the discrete spectrum in the dot with the continuous spectrum of
the leads. Depending on the ratio of coupling to charging energy, generally three different transport

regimes are distinguished:

+ Closed quantum dot regime: Al < Ec
Here, discrete charging effects dominate the transport and features like Coulomb blockade or a

single-electron transistor emerge.

« Intermediate quantum dot: ' < E.
Here, charging effects and cotunnelling processes matter. Commonly observable features are higher

order tunnelling processes.

» Open quantum dot: Al > E.
Here, interference effects are dominating the transport behaviour. The dot behaves as a quantum

analogon to Fabry-Pérot-interference.

Since the coupling T is directly depending on the height of the tunnelling barrier, the contact quality
between the quantum dot and the leads can already determine the regime of transport. In the following,

the different transport regimes as well as some of the occurring phenomena will be discussed.

2.2.1 Closed quantum dot regime

In the closed quantum dot regime the transport behaviour is predominantly determined by discrete
charging effects due to a weak coupling to the leads. Typically, charge carriers pass the dot one by
one in a sequential tunnelling process and the charge state of the quantum dot is well-defined since

the level-spacing inside the dot is larger than the coupling and the thermal energy prohibiting the
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2 Theoretical background

population of energetically higher levels. After a charge carrier enters the quantum dot the additional
Coulomb repulsion blocks other charge carriers from entering the quantum dot, until the first charge
carrier left the dot. This regime of conductance is therefore called Coulomb blockade.

A rather simple yet widely useful model to describe electronic transport in the Coulomb blockade
regime is the constant interaction model (CIM). In order to apply this model, two assumptions need
to be made. First, all electrostatic interactions need to be describable by a total capacitance Cs and
second, the energy level spacing in the quantum dot may not depend on the number of charge carriers
in the dot but must remain constant. The amount of total energy U gained or lost when an additional

charge carriers enters the quantum dot is called the chemical potential p. It is defined by
H(N) = U(N) - U(N - 1), (2.10)

which describes the total energy difference between N — 1 and N charge carriers inside the dot. The

total energy for an occupation with N charge carriers can be calculated [54] as

U(N) =

((ZsCsVsd — GV — Cng - Ne)z + i E; (2.11)
; .

2G5 i=1

with V,; being the voltage applied between the two leads, @; the relative voltage drop at either tunnelling
barrier, C; the individual capacitances as defined before and E; the single particle energies depending on
the confinement. For the understanding of the system, it is helpful to keep in mind that the difference
in chemical potential between two occupation numbers N and N — 1, i.e. the addition energy E,qq [54],

is given by the sum of charging energy and level spacing:
Eagd = p(N) = p(N = 1) = Ec + AE(N), (2.12)

where AE can even vanish in the case of degenerate levels.

In this transport regime, electrons may only traverse the dot if the levels in the dot are within the
window between the chemical potential of source yg and drain pg, ps — ptg = —|e|Vsd, created by the
voltage Viq applied between source and drain electrode, i.e. pis > p(N) > pq for any N. A simplified
cartoon showing this process is shown in figure 2.6. The energy range for which transport is possible
is called bias window. For this description it is generally assumed that there are available filled states
in the source electrode and available empty states in the drain electrode.

If the condition ys > p(N) > pq is not fulfilled the number of electrons within the dot remains fixed
and no current will flow. This effect is called Coulomb blockade. The blockade can either be lifted by
increasing the bias window (increasing Vsq) or by tuning the energy levels with a gate voltage Vj, see
figure 2.6. If an additional level in the dot becomes available, an electron may hop into and later out of
the dot, thereby opening the level again for the next electron to follow the same steps. This process is
called single-electron tunnelling and the resulting current mainly depends on the tunnelling rates.
When measuring the current or conductance with a fixed bias voltage close to zero as a function
of the applied gate voltage periodic conductance peaks, so-called Coulomb peaks, can be observed
(figure 2.7). Their width is determined by the linewidth of the involved levels, applied bias voltage and
thermal energy. Every peak corresponds to the situation in figure 2.6b) and the large blocked areas to
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Figure 2.6: Scheme of energy levels and transport in a quantum dot. A source and drain electrode

)

are connected to a quantum dot via tunnelling barriers (black bars). Yellow arrows indicate
energetically favoured hopping. a) The electron may only hop into the dot but cannot leave
it towards the drain. The total number of electrons in the dot is fixed. This situation is called
Coulomb blockade. b) After applying a gate voltage V;, levels are aligned and transport is
possible. ¢) Applying a bias voltage V4 opens a window to enable transport, even without

an additional gate-voltage.

a situation as shown in figure 2.6a). If now the bias voltage is also varied, the width of the peaks is
increasing. A common characterisation of quantum dot devices is a charge-stability diagram, where
the conductance is measured as a function of gate- and bias voltage. Since the peaks are broadening
the region of Coulomb blockade is shrinking. At some point, the peaks will overlap and there is no full
blocking region anymore. In the charge stability diagram, this occurs at the tip of a diamond shaped
area called Coulomb diamond (figure 2.7).

A charge stability diagram generally can give a good overview over the transport properties of the
device under test. Coulomb diamonds in particular can give insights into the energy scales involved.
Their height (zero-line to tip) is defined by the addition energy with E,qq = |e|Viq. Their width gives
information about the gate coupling, since the charging energy is still the same. The gate lever arm «
defines a ratio between bias voltage and change of gate voltage AV, needed to achieve the same change
of available charge state which can be expressed as |e| Vsq = a|e| AV,;. When looking at the slopes of
the Coulomb diamonds, additional information about the involved capacitances of source, drain and
gate can be gained. The flank on the right side of a diamond peak (towards higher gate voltage) is

given by the ratio of s_ = —~C,;/C, while the flank on the left side is given by s, = C;/(Cy + Cy). This

_1
Si+s_°

In the closed quantum dot regime transitions and features are typically sharp since coupling between

allows for another definition of the gate lever arm a =

different systems is generally weak. This weak coupling also implies that most processes are single-
particle processes of lower order. This makes the closed quantum dot regime interesting for studies
where a high resolution is required, e.g. when energy level spectroscopy is performed or for mechanical

resonances with a high quality factor.
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Figure 2.7: Schematic diagram of a charge-stability map. Plotted are the applied bias voltage V4
over the applied gate voltage V; scaled with the elemental charge e. Areas in darker red
show Coulomb blockade and no conduction. This example shows spin-degeneracy and
therefore every other Coulomb diamond is larger (shell-filling after two charge carriers).
The height of the diamonds is determined by the addition energy E,qq = Ec + AE, the width
by the product of addition energy and gate lever arm «. From the slopes of the Coulomb

diamonds, the capacitive coupling can be determined.

2.2.2 Intermediate quantum dot regime

In the intermediate quantum dot regime we again assume the thermal energy kgT to be much smaller
than the coupling 7T and the addition energy. Now, however, coupling and electrostatic energies are
about the same size with an ordering given by Al' < E. < AE.

In this regime higher order tunnelling processes are non-negligible and the charge state is object of
quantum fluctuations. Due to Heisenberg’s uncertainty principle classically forbidden energy states
are available for a time h/SE where SF is the energy difference from the Fermi energy. Within this time
window an electron could, e.g. leave the dot, if another electron tunnels into the dot. The intermediate,
unoccupied state that classically is not possible is called virtual state. As a result of such a process,
effectively one electron has been transported through the dot. Since for this process tunnelling across
two barriers is involved, its amplitude scales with the inverse square of the tunnelling barrier height
(Rc)- There are several different ways how such processes can manifest of which an elastic cotunnelling,
an inelastic cotunnelling and a spin-flip tunnelling following [55] will be briefly explained here.

In an elastic cotunnelling process an unoccupied energy level in the dot is briefly occupied creating a
virtual state (see figure 2.8A). If within this brief time ¢ h/T determined by the coupling, the electron
leaves this energy level towards the drain, one electron has been effectively transported. An analogous
process can occur if an electron temporarily tunnels from an occupied level in the dot to the drain. If
an electron from the source reoccupies the energy level in the dot during the lifetime of the virtual
state, again one electron has been transported. In comparison to previously described sequential
tunnelling processes the energy levels remain in their original state for most of the time, the amplitude

of transport is thus lower as for aligned energy levels (resonant transport).
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Figure 2.8: Compilation of different cotunnelling mechanisms. A I-III: In an exemplary elastic
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cotunnelling process a classically forbidden state p(n + 1) is temporarily occupied within a
time given by Heisenberg uncertainty. From the temporarily occupied state, the electron
can tunnel to the drain. An equivalent process for the filled state p(N) tunnelling to the
drain exists as well. B I-III: An exemplary inelastic cotunnelling process where a filled dot
is temporarily emptied is shown. A second electron tunnels into the dot and occupies an
excited state p’(N). This occurs if the excitation energy E.y. matches eVyq. Relaxation can
happen via phonon or photon emission. C I-III: A spin-flip cotunnelling or Kondo effect is
a special case of an elastic cotunnelling. For an odd number of electrons in the dot the spin
is 1/2. An antiferromagnetic exchange coupling can lead to a spin-flip within the quantum
dot if the electron in the dot tunnels to the leads and the dot is refilled with an electron of
opposite spin. How these effects can manifest in a charge stability diagram is presented

separately in figure 2.9.
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Figure 2.9: Real data manifestation of cotunnelling effects described in figure 2.8. The measure-
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ments i)-iii) show charge stability diagrams for different tuning points of the tunnelling
rates through the left barrier (I') and right barrier (I%). i): For similar rates, inelastic cotun-
nelling, highlighted in green, was observed for even occupied dots and spin-flip cotunnelling
(Kondo ridge) for odd occupied dots, highlighted in orange. ii) and iii): the N + 1 (N + 3)
Coulomb diamond shows no Kondo ridge for I} <« I(I7 > I3) and inelastic cotunnelling

ridges show a gate-dependent splitting that increases towards higher absolute gate voltages.

Adapted from [56].



2.2 Single and double quantum dots

Inelastic cotunnelling can occur if the bias window is at least the size of the energy spacing eVyq > Eexc.
In this case, an electron can leave an occupied level in the quantum dot towards the drain creating
a virtual state with an unoccupied level. If another electron from the source tunnels into the dot
and occupies an excited state p’(N) again, effectively one charge has been transported. Since this
type of cotunnelling requires a certain voltage threshold to be exceeded, it is expressed in a charge
stability diagram in the form of horizontal lines within a Coulomb diamond, representing a gate voltage
independent opening of another conduction channel. Even in the case of an energy level within the
bias window, the addition of an excited level leads to an increase in current. In a dI/dV-map, this
feature can be seen as lines of conductance change parallel to the contour of the Coulomb diamonds.
Studying these additional lines can thus be used as a spectroscopy tool for excited states.

So far properties like spin-state, valley-state etc. have been neglected. A third cotunnelling process takes
into account antiferromagnetic exchange coupling for a quantum dot, occupied with an odd number of
electrons (effective spin 1/2), to the electron bath of the leads. This gives rise to the Kondo effect. The
spin-flip cotunnelling is a special form of elastic tunnelling where an electron of spin up (down) for a
short time tunnels into one of the leads. During this time an electron from the opposite lead with spin
down (up) can tunnel into the dot, facilitated and enhanced due to the antiferromagnetic exchange
coupling. Since there is no applied bias voltage, energy is conserved in this elastic cotunnelling process
but the spin in the quantum dot has flipped. In a charge stability diagram this effect manifests as a
horizontal line around zero bias in quantum dots with an odd number of electrons inside. The width
of the line is determined by the characteristic energy scale of the Kondo temperature T being on the

order of 10K for carbon nanotubes.

2.2.3 Open quantum dot regime

In the open quantum dot regime the coupling energy AI' surpasses the charging energy E. and the
barriers confining the dot become increasingly transparent. In this regime, charge is not a good
quantum number and the picture of single particle transport does not apply anymore. Interference
effects take over the dominant role if the size of the quantum dot is comparable to the coherence length
of the conductor. In an analogy to photons in an optical cavity, a quantum dot can act as a resonant
cavity for electrons if the transport across the dot is ballistic and no defect scattering occurs. The
boundaries of the cavity where the electrons scatter are formed by the tunnelling barriers. Resulting
from this, an interference pattern can be observed in a charge stability diagram (see fig. 2.10). The
interference pattern can be understood as a consequence of the modulation of the electron number in
the dot defined by the applied voltages at bias and gate electrode. In a horizontal cut (constant bias
voltage), the conductance value oscillates periodically with the applied gate voltage. It was found [23]
that the energy level spacing in this regime still scales with the inverse characteristic length scale L2,

analogous to what was described in the beginning of section 2.2.
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Figure 2.10: Map of conductance as a function of applied gate voltage V;; and bias voltage V4.
For gate values larger than ~ —0.4 V, the sample is in the open dot regime and interference
patterns dominate. For lower gate voltages, the dot is in the closed dot regime and Coulomb

blockade dominates. Data replotted from [57].

2.2.4 Double quantum dots

In a similar way to how confinement of charge carriers can create a single quantum dot, further
confinement within the dot can cause the division into two smaller dots, a so called double quantum
dot. Their arrangement can either be in parallel, i.e. they are connected to the same leads or in series,
i.e. in order to pass from lead to lead the dots need to be traversed sequentially and a tunnelling barrier
separates the two dots. Their physical implementation can be manifold. In gate-tunable devices, a
quantum dot can be split laterally or longitudinally by applying a local electric field thereby creating
an additional barrier, e.g. in two-dimensional electron gas (2DEG) semiconductor systems (e.g. [58]) or
carbon nanotubes [59]. Two parallel quantum dots can for example be formed in a dc-SQUID geometry,
where a quantum dot can be formed in each weak link [24].

In the following, the description will mainly focus on a series double dot, though some concepts can
be equivalently applied on a parallel double dot. In order to describe this system, it is convenient to
introduce an equivalent circuit (see figure 2.11) analogous to what has been done for a single quantum
dot (figure 2.5). The coupling between the two individual dots is represented by a tunnelling rate I},
and a capacitance Cp,. Each dot is coupled to one local gate electrode that allows to tune the energy
levels. It is worth noting that while in general two gates can be sufficient to form a double dot, precise
control can only be achieved with at least five local gates when the outermost gates tune the tunnelling
barriers to the leads and the central gate the barrier in between the dots. In this five gate scenario, the
gates 2 and 4 would be used to tune the energy levels of the dots.

Assuming a two gate situation and neglecting cross-capacitances, the chemical potential for the left

and right dot can, in analogy to eq. 2.10, be written as

1 1
pr = U(Ny, N2) —=U(N; = 1,N;) = (N; - E)Ecl + N:Ec,, — - (Ca1VgiEc, + Ce2VirEc,) (2.13)

1 1
pr = U(N1, N2) =U(Ny, Ny = 1) = (N; - E)EC2 +NiEc, - - (Ca1VaiEc, + Ce2VEc,) . (2.14)
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Equivalent circuit of a double quantum dot
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Quantum Quantum

source dot 1 dot 2

Side-view schematic of a double quantum dot in a CNT

Quantum dot 1 Quantum dot 2
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Figure 2.11: Upper panel: Schematic equivalent circuit of a double quantum dot with two dots in series
coupled to two leads. Each dot is capacitively coupled to one local gate, cross-coupling
between dot 1 and gate 2 or vice versa is neglected for this sketch. Compared to figure
2.5 the coupling I, and capacitance Cy, between the two dots has been introduced which
describes the tunnelling from one dot to the other. Lower panel: Schematic side-view of
an induced double quantum-dot. Gate-voltages with odd number (negative voltage) are
used to tune the tunnelling barriers, gate voltages with even number (positive voltage)

form the potential wells that are occupied by a finite number of electrons.
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Here, the charging energies Ec, and Ec,, the total capacitances C; and C; for each dot, as well as the
coupling energy between the dots E¢c_, i.e. the energy change in one dot if an electron is added to the

other dot, have been introduced. Their values can be calculated as

C1 = Cs + Cygy + C, Cy =Cq+Cy +Cyy (2.15)
e =& (—1 ) Ee =& (—1 ) (2.16)
G = Ca | G~ o Can :

Gil1- CiC; Ca\1- CiCs
2
1
Ee = —|—|. (2.17)

The interdot capacitance Cy, is a convenient quantity to express different coupling regimes between
the two quantum dots. Typically, three different regimes are distinguished (see figure 2.12). In the
uncoupled regime the coupling Cy,, — 0 vanishes and the two dots behave fully independently and are
charged individually. In the weak coupling regime where Cy, > 0, there is a small exchange between the
two individual dots, i.e. dot 1 is slightly affected if dot 2 is tuned. In the strong coupling regime where
Cm — Cy; the dots are so strongly coupled that they cannot be considered independently anymore
but are rather one single big dot. These regimes are nicely visible when measuring the conductance as
a function of applied gate voltages V; and V,; for a fixed small bias voltage (figure 2.12).

In the uncoupled regime tuning one gate voltage only affects the occupation of one quantum dot
which is expressed in terms of orthogonal lines of conductance that form a rectangular grid. In the
strongly coupled case, the lines of conductance are diagonal, which is the expected pattern for a single
dot since in this case both gate voltages tune the occupation in both dots. It is worth mentioning,
that a Vyq-V;-map probes a vertical or horizontal cut of a gate-gate-map as a function of applied bias.
Therefore, the size of the areas with stable charge occupation correspond to the width of arising
Coulomb diamonds.

The most realistic case is the case of weakly coupled dots where the transition between the two stable
charge states can be observed and the voltage areas of stable occupation form a honeycomb pattern.
What previously was a quadruple point in the uncoupled regime (the corners of the charge-stable
domain) is split into two triple points (figure 2.12(d)), where three charging domains touch. The spacing
of the splitting is given by the coupling energy Ec,, . The splitting can be explained by the existence of
two transport processes, one constituting of electrons passing the two dots, one constituting of holes
in the opposite direction. When a finite bias voltage is applied these points of conductance expand to
bias triangles. Similarly to how excited states can be spectroscopically studied in a single quantum dot,
their presence leads to a substructure within the bias triangles [61-63] as all states within the bias

window contribute to the conductance.

2.3 Quantum dots and qubits in carbon nanotubes

By their very nature, carbon nanotubes are one-dimensional systems with tunable electronic energy
levels and possible potential barriers at their interface to the environment. Since they can feature

ballistic transport of charge carriers for lengths up to 1 um [64] the latter stay coherent for typical device
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Vg1

Figure 2.12: Scheme of a charge stability diagram of a double quantum dot. Shown are diagrams
in the a) uncoupled regime, b) the weakly coupled regime and c) the strongly coupled
regime. Large white areas feature a stable charge occupation of (Nj, Ny). In the weakly
coupled regime, the intersection points are split into two triple points. A zoom in on the
dashed area in b) is shown in d), where (o) indicates a hole-transport process and (e) an

electron process. Taken and adapted from [60].
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dimensions. Therefore, a basic quantum dot can be formed by merely putting contacting electrodes
to the carbon nanotube, which effectively confines the electrons in the one-dimensional tube due to
arising Schottky barriers (see sec. 2.1.3). Further constrictions can be caused by defects or adsorbates.
A quantum dot in a carbon nanotube features all of the general effects observable in quantum dots as
described before, in addition to features that arise from the internal physics of carbon nanotubes such

as spin-valley effects or a potential influence of mechanical vibrations.

2.3.1 Spin-orbit and valley effects

In section 2.1.2 we introduced the electronic properties of CNTs and their spin- and valley degrees of
freedom. This results in general in a four-fold (2x spin, 2x valley) degeneracy in absence of a magnetic
field for each level defined by longitudinal confinement. The valley states resulting from the K and
K’ Dirac cones are a well usable quantum number since they are well separated in momentum space.
Their manifestation can be imagined as electrons circling the circumference of the carbon nanotube
clockwise or counter-clockwise. Due to structurally defined strong transversal confinement, the next
set of Dirac cones is energetically far away (>100 meV). The strong separation in momentum space of
K and K’ valleys can be overcome by scattering, due to disorder. This scattering leads to a mixing of K
and K’ states and lifts the degeneracy by a mixing energy A x’. The application of a magnetic field B

results in a shift of the valley energy levels and allows the assignment of an orbital magnetic moment

Horb given by [42]
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with the two-dimensional energy profile Epjrac(ky, k|) = +hop /kﬁ + ki of the Dirac cones. For low
energy electrons (small k), this reduces to

edug

Horb = T (219)

The orientation of this magnetic moment points along the carbon nanotube axis.

Additionally, spin-orbit coupling occurs in carbon nanotubes with an amplitude that is far higher than
what might be expected when looking at the low atomic-number and the resulting small value for
graphene where Agp ~ 50 peV [65]. However,significant spin-orbit coupling has been predicted [66]
for carbon nanotubes due to curvature induced effects that lead to a breaking of spatial inversion
symmetry. Indeed, values up to 3.4 meV have been measured [67]. In the picture of figure 2.3, the
predicted spin orbit coupling results in a horizontal shift of the Dirac cones. Due to the curvature,
a radial electric field is induced which results in a Rashba-like coupling to the k|-component of the
electrons. This effect breaks the electron-hole symmetry [68]. In perturbation theory calculations it
was found that higher order terms result in a Zeeman-type effect that can be understood as a vertical
shift of the Dirac cones [69]. The overall spin orbit coupling is the combination of the two described
effects and also depends on the filling of individual shells [70] as well as the exact local environment,
i.e. chirality and curvature/diameter.

The introduced spin orbit coupling features a twofold symmetry in zero magnetic field in addition to
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the fourfold symmetry introduced earlier. The resulting pattern for Coulomb diamonds was shown in
figure 2.7, where the first dot (N = 0) and third dot (N = 2) are larger than the other two, with the
N = 0 dot being even larger due to shell-filling of both spin and valley.

2.3.2 Charge and spin qubits in carbon nanotubes

A qubit is the quantum equivalent of the classical bit used to store (quantum) information. It is realised
as a two-level quantum system where the two levels define the ground and excited state. In contrast to
classical systems where the bit is either in the ground or excited state, in a quantum system the qubit
is a superposition of ground and excited state. Among the many realisation possibilities, qubits where
the information is encoded in the charge or spin state of the system have been realised in carbon

nanotubes [3, 4, 71] and a mechanical qubit has been proposed [72].

Charge qubit in a carbon nanotube

In carbon nanotube double quantum dots a charge qubit has been realised where the information is
encoded in the occupation of the two dots [3]. Penfold et al. found that, depending on the applied
detuning, the energy levels for the (1,0) and (0,1) occupation shift and can hybridise for specific
detuning values. At the hybridisation point, typically for zero detuning, the energy spacing is given
by 2t. where t. is the tunnel coupling between the two dots. Here, the localisation is minimised. The
readout was done by measuring the phase of a resonant electric circuit that is sensitive to the quantum
capacitance of the double dot system. This capacitance is maximised if the system is in the ground
state and minimised in the excited state. Their measured relaxation time T; was 48 ns and a coherence
time T of 5ns. They attribute these rather small time scales to charge noise and dot-lead coupling.
Since they were measuring a carbon nanotube on substrate, the charge noise which is often caused
by two-level systems in amorphous oxides or adsorbates is expected to be much higher than for a
suspended carbon nanotube. Another approach to read out such a system could involve a charge
sensor such as a second quantum dot in the proximity that features a conductivity depending on the
occupation of the double dot system. Thus, by reading out the change of conductance in the sensing

dot the charge state can be retrieved.

Introduction to spin qubits

Besides storing the quantum information in the charge state, a storage of information in the spin
and valley state has been achieved as well for carbon nanotubes [4]. Storing information in the spin
state typically results in much longer relaxation and decoherence times because a single spin is much
less coupled to the environment than a single charge. At the same time, this decoupling from the
environment comes at the price of a more challenging manipulation and readout since the spin is so
well decoupled. One possibility to overcome this, is to encode the spin state coherently in another
physical property like a charge state or looking at two-particle spin states where an effective exchange

coupling can serve as a handle as described in the case of Pauli blockade (see following sections).
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Figure 2.13: Sketch of the singlet and triplet energy levels for two electrons in a double dot.
Left: Chemical potential levels for a double dot system with one electron in the right dot
and an arbitrary gate tuning. The singlet states form the energetical ground state and are
separated from the triplet states by the singlet-triplet splitting Agt in the (0,2) case and an
effective exchange coupling J for the (1,1) case. Right: For the case of an applied magnetic
field, the triplet states split and form parallel lines when tracking the energy levels as a
function of the detuning of the dots ¢. At crossing points of same-spin configurations, the

states hybridise for a finite coupling I}, and their splitting is given by 2V2/I},.

Singlet and triplet states in a CNT double quantum dot

It is a well known fact that fermions need to follow selection rules when undergoing state transitions
and that two different fermions may not be in the exact same spin and orbital state (Pauli-exclusion
principle). Here, we first introduce spin states in a double quantum dot. Starting from this, we explain an
occurring Pauli blockade, i.e. transport blocked by the Pauli exclusion principle, in a generic quantum
dot according to [54] and mention the special case for carbon nanotubes where valley-states create
additional rules and possibilities from this. When a second dot is introduced we need to distinguish the
case of (0,2) (or (2,0), but we reduce it to the first) occupation which behaves like a single quantum dot
and the (1,1) occupation for which we get the singlet state S(1,1) = % (IT1d2) = [11T2)) and the three
triplet states Ty = |T172), To = \/% (IT1d2) + 111T2)) and T = ||1]2). The subscript denotes the location
of the electron. Here, the energy difference J between the singlet ground state and the triplet states
depends on the tunnel coupling I}, and is therefore gate-tunable and the charging energy Ec. The
commonly used quantity is the detuning ¢ which describes the relative energy level shift for the two
quantum dots. The energy shift J is often small compared to the singlet-triplet splitting Agr, resulting
in almost degenerate S(1,1) and T(1, 1) states. The first excited singlet state S’(0, 2) is energetically
higher than the triplet states and therefore does not contribute in most cases.

If the tunnel coupling is finite the (1, 1) and (0, 2) states hybridise and an avoided crossing will form
with a splitting given by 2V2AT},. Since interdot tunnelling preserves spin, the singlet state S(1,1)
(triplet state T(1, 1)) may only couple to S(0,2) (T(0,2)). Due to the singlet-triplet splitting the singlet
and triplet states therefore hybridise at different detuning values (cf. fig 2.13). This distance between
the avoided crossings allows it to control whether singlet or triplet states are hybridised by simply
controlling the detuning. If the system is tuned to a hybridised singlet states, the electron charge state

is of the form of % [1(1,1)) +(0,2))] for a spin singlet, but in the charge state [|(1,1))] for a spin
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2.3 Quantum dots and qubits in carbon nanotubes

triplet. This difference in the average charge distribution allows for the readout of the spin-state by

charge sensing [73, 74], similar to a charge qubit.

Pauli blockade

The aforementioned conservation of spin does not only have implications on the charge state but can
also affect the transport properties of a double dot system and can lead to current rectification [54,
75, 76]. This rectification is called spin blockade or Pauli-blockade, since transport can be blocked
depending on the spin state.

A scheme depicting the mechanism of Pauli blockade is given in figure 2.14. Here, the double dot is
tuned to the triplet point (0,1)/(0,2)/(1,1). Disregarding spin, transport at this point can happen in both
directions, i.e. from right to left (0,1) — (0,2) — (1,1) — (0, 1) and left to right (0,1) — (1,1) —
(0,2) — (0,1) as is indicated by the arrows turning clockwise and counterclockwise in figure 2.14.
This way, the right dot always contains at least one electron. Assuming the right to left process (i.e.
negative bias) and an electron of spin up in the right dot, due to Pauli exclusion only an electron with
spin down can tunnel from the lead into the dot and form the S(0, 2) singlet state. From this state
either electron can tunnel into the left dot and subsequently to the left lead. In the case of positive bias
(i.e. left to right process), however, no spin selectivity is enforced on the electron entering the left dot
from the lead. When an electron enters the left dot, the resulting hybridised state can now be either a
singlet state S(1, 1), in which case the electron from the left may also move to the right dot to form the
S(0, 2) state, or triplet state T(1, 1) for which the electron on the left dot may not tunnel into the right
dot as the T(0, 2) triplet state is energetically unavailable. In the latter case, the system will be stuck
in the T(1, 1) state, until spin relaxation transforms the system to a S(1, 1) state. This spin relaxation
time can be quite large, reducing the current in this bias direction far below the value for the opposite

direction causing a current rectification.

Singlet-triplet qubit

The latter can be used in case of a singlet-triplet qubit where the singlet S(1, 1) and triplet Tp(1,1)
state serves as ground and excited states if T\ and T_ are energetically detuned by a magnetic field.
If the system is initialised in the two (1,1) states, the readout can be done by changing the detuning
to a point where the S(1,1) and S(0, 2) states hybridise while the T(1, 1) remains unchanged. This
change of charge state caused by the spin state is then read by a close-by charges sensor (quantum dot,
quantum point contact, electric resonator...). This type of qubit was mainly used in III-V semiconductors
such as GaAs but elements of the IV-group in the periodic system of elements attract interest due to
their natural low abundance of nuclear spins (e.g. 1% '*C in natural carbon) which should increase

coherence times due to reduced spin-spin interactions.

Spin-valley supersinglet and supertriplet states in carbon nanotubes

As mentioned before, the situation is ever more complex for the case of carbon nanotubes where

electrons possess a valley degree of freedom in addition to the spin. The presence of spin and valley
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Figure 2.14: Schematic representation of current rectification due to Pauli blockade. Left: When
a double dot is tuned to the triplet point (0,1)/(1,1)/(0,2) transport is generally possible
in both directions, depending on the polarity of the applied bias voltage. Middle: in the
backwards biased scenario an electron may tunnel into the right dot from the right lead,
occupying a singlet state. When tunnelling into the left dot it can only enter the 5(1,1)
singlet state, since T(1,1) is forbidden by Pauli exclusion. From the S(1,1) state it may leave
the double dot towards the left lead, thus transport is allowed. Right: in the forwards
biased case an electron from the left dot may enter the singlet S(1,1) or the triplet T(1,1)
state. If it is int he singlet state it may tunnel into the right dot and subsequently enter the
right lead. If it is in the triplet state, a transition into the singlet state S(0,2) is forbidden
by Pauli exclusion. The system first needs to relax from the triplet to the singlet state with
a time T; which can be milliseconds [54], before this blockade is lifted

states result in a fourfold degeneracy for each energy level in the dot which has some implications
on the Pauli blockade discussed before as will be very briefly introduced now. In analogy to the
singlet states in a regular quantum dot, it is possible to define supersinglet states that have a combined
spin-valley wave function that is antisymmetric under particle exchange [77]. The supertriplet states
are symmetric under particle exchange. This results in a splitting into six supersinglet (0, 2) and
ten supertriplet (0,2) states whereas the latter are energetically well separated from the first by an
energy analogous to the singlet-triplet splitting caused by the orbital part of the wavefunction [68].
A splitting within the multiplet’s sublevels arises from the Zeeman effect for spin and orbital part
as well as spin-orbit coupling. For the (1,1) occupation the same splitting into six supersinglets and
ten supertriplets is observed and hybridisation between states is only possible between (0,2) and (1,1)
supersinglet states. A system in the supertriplet (1,1) state is considered blocking since it requires
higher orbital effects to transition into the supertriplet (0,2) state or a decay into a supersinglet (1,1)
state via spin flip or change of the valley state. Therefore, the analogy to Pauli-blockade still holds but

a detailed description is much more involved than what is meaningful for this thesis.

Hybrid qubit in a carbon nanotube

Laird et al [4] used entangled spin-valley states in a carbon nanotube that featured a bend and a
double dot in the spatially different aligned sections of the carbon nanotube. As a result, the effective
magnetic field parallel and perpendicular to the carbon nanotube changed between the two dots. In an
electrically driven spin resonance they applied an electric ac-signal and induced interdot transitions.

For the hopping electron, the angle of the effective magnetic field changes periodically in time and

28



2.4 Carbon nanotubes as nanomechanical resonators

the qubit with an energy splitting AE = gspup|Beg| can be driven at a frequency f = AE/h. This qubit
also uses spin-valley blockade for the readout since it only allows for a small leakage current in the
blocked state that depends on the decay time of the blocking state which is determined by tunnelling
events that do not conserve spin or valley, such as disorder in combination with spin-orbit coupling
[4]. Since the decay rate is dependent on the superposition of spin and valley states that differ for
the ground and excited state of the qubit, the leakage current is sensitive to state flipping events. For
this qubit they found a decoherence time of 65 ns determined by Hahn spin-echo and a T of 2.5 s
which was significantly higher than what was observed for the charge qubit described before, but at
the same time showed that a partial suspension and using spin as the storage for quantum information
is not sufficient to reach the large Ti-times in the seconds range and coherence times in the ms-range

observed in industrially manufactured semiconducting qubits [78].

2.4 Carbon nanotubes as nanomechanical resonators

In section 2.1.1 the unique combination of structural properties of carbon nanotubes have been
introduced. In this section, an introduction into the field of nano- and microelectromechanical systems
(NEMS and MEMS) and especially for the use-case of carbon nanotubes, will be given. Out of the
different possible vibration modes, the focus will lie on transversal modes and to a smaller degree

longitudinal vibrations whereas radial breathing and twisting modes will only be briefly introduced.

2.4.1 General aspects of nanoelectromechanical systems

This general introduction loosely follows the reviews [79, 80] as well as the PhD thesis by Sazonova
[81] that, although not very recent, still give a nice general approach on the field. Electromechanical
systems are at their very core systems in which a mechanical motion can be converted into an electrical
signal and vice versa. Often a mechanical resonance is used that can be stimulated with an electric
signal and its change of state back-converted or transduced to an electric signal. The mechanical
resonator is mostly described by its two core parameters: The resonance frequency w and the quality
factor Q which is a measure of internal losses as introduced in section 2.4.2.

There is a multitude of physical realisations of NEMS such as drum resonators in graphene [82, 83] or
other 2D-materials [84, 85], doubly clamped beams in various materials [86—-88], nanowires [89, 90]
and even 3-D printed [91] structures, where the citations serve as examples and only show a fraction
of all devices and experiments. In the further description of section 2.4.3, the focus will be on flexural
modes and in particular on the system of a beam fixed on both ends.

NEMS are the consequence of miniaturisation of MEMS that require different approaches for nanofab-
rication and more sensitive transducing techniques suited for the small dimensions. While MEMS with
their micron dimensions are often fabricated in bulk micromachining processes, the processes used for
NEMS are more seen as surface nanomachining [80]. MEMS are used for decades in technology to
serve many different tasks like regulating current, tuning optics, switches etc., but they can not reach
some of the application possibilities for NEMS due to their low active mass, rather high resonance

frequency, high local sensitivity and other features that follow as a consequence of their small size like
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a small heat capacity. This gives rise to plenty of possible experiments like single particle sensing [80,
86], generation of quantum states of mechanical motion [92, 93] and more.

When downscaling a system, the fundamental question arises at which point continuum mechanics
fails to describe the system properly and atomistic or quantum effects need to be considered. In
calculations it was found that this limit is reached for dimensions in the order of few tens of lattice
constants [94, 95], meaning that classical beam mechanics can still describe systems down to tens of
nanometres. Another consequence of the small size is the increase in surface-to-volume ratio which
puts more emphasis on surface effects and properties than for a MEMS of similar geometry resulting
in additional demands on nanofabrication processes.

Following this introduction, the classical harmonic damped oscillator will be introduced as the basic
description of a NEMS (section 2.4.2) to introduce some basic properties often used later on. For this
we assume to use the resonator in a linear regime of small displacement. For a larger displacement
nonlinear effects alter the behaviour and lead to deviations in the resonance behaviour where one
particular effect will be discussed in section 2.4.4. Since later presented measurements have been
performed on carbon nanotubes that can be described as a doubly clamped beam as a first approxima-
tion an introduction to the mechanical modes of a doubly clamped beam is given (section 2.4.3). This
section will conclude with the description of electron-phonon interplay observable in NEMS, resulting
in interesting effects like Franck-Condon blockade [21, 96](section 2.4.8) or single-electron tunnelling

induced reduction of the quality factor [97](section 2.4.7).

2.4.2 Description as classical damped harmonic oscillator

Classically a doubly clamped beam can be described as a weakly driven harmonic oscillator affected
by a damping term. The solution of the differential equation for such a system oscillating along the
z-axis using a point mass m, a spring constant k, the resonance frequency wy = %, Z a derivative in
time, z” a spatial derivative, a sinusoidal force Fy with frequency w, a damping factor b, the amplitude

z, and the phase ¢ is given by

Fo/m

z(t) = cos(wt — @) (2.20)
\/(w(z) - 0%)? + 40?2
2_ 2
é = arctan(%) (2.21)

with the introduced notation of f = b/(2m). In figure 2.15 the response of a resonating system upon
driving with varying frequency for both the amplitude of the oscillation as well as its phase is plotted.
We can see that the phase undergoes a clear phase shift from 0, i.e. the system follows the drive for
slower frequencies, to x for frequencies higher than the resonance frequency wy. At resonance wy = w,
the system trails the applied drive with a phase of /2. The amplitude response features a Lorentzian
shape with its maximum at resonance. The width of the resonance is determined by the damping and

described by the quality factor Q, which is defined as

Total oscillation energy

Q=2n (2.22)

Energy loss per period |
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2.4 Carbon nanotubes as nanomechanical resonators

For small attenuation the quality factor is often determined by Q = wo/(Aw) where Aw describes the
full-width at half maximum (FWHM) of the resonance. If the parameters of the system are known,
it can also be calculated by Q = wo/(2f). The energy loss per period can be composed of distinct
contributions like the internal losses in the system (damping) and other losses e.g. into the read-out
or excitation lines (coupling). They add up inversely Qiot = >; é and therefore the channel with the

highest loss dominates the overall quality factor.
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Figure 2.15: Plot of the frequency dependence of amplitude and phase for a driven harmonic
oscillator in the case of weak damping. The resonance occurs at v = w, and results in
a peak in amplitude and a phase-shift. The quality factor Q can be determined from the
FWHM of the resonance.

2.4.3 Mechanics of a doubly clamped beam

While the previous introduction of a damped and driven harmonic oscillator describes an ideal
mechanical resonator, many of the necessary assumptions do not hold in reality. Within this thesis the
mechanical vibrations of carbon nanotubes fixed on each end on a metal electrode have been studied.
Due to their dimensions, especially their large aspect ratio, their longitudinal and transversal vibration
modes can be described using beam mechanics. The summary given here follows the work of [81, 98,
99]

For this more realistic description of a transversal mode of a vibrating carbon nanotube we imagine a
beam clamped on both ends as depicted in figure 2.16. The beam has the dimensions of width(w) x
height (h) x length(l) where the beam axis is parallel to x and the z-direction is perpendicular to the
beam (and later directed towards a gate). For the sake of simplicity and since it is a valid assumption
for carbon nanotubes with a round cross-section, width and height are assumed to be identical, thus
reducing the problem to two dimensions x and z. Taking into account the elasticity E and the residual

tension Ty, the potential elastic energy is given by [98]

1! EA [!
U=- / (EIZ”2 + Ty + (— / z’zdx) z'z) dx (2.23)
2 J, 2l J,
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Figure 2.16: Sketch of a doubly clamped beam. The beam has the dimensions w X h X [ and a
cross-section A. A constant force K is applied along the z-axis and the beam has the

internal tension T.

with the cross-section area of the beam A, the moment of inertia I and the flexural modulus E. The first
term in the integral contains the flexural rigidity (EI) which is defined as the force required to bend
a beam by one unit of curvature, following Euler-Bernoulli beam theory, and describes the energy
contained within the flexural motion. The second and third term describe the energy in the beam due
to tension using residual tension and the axial rigidity (EA) which is the force required to create one
unit of stress inside the beam. In the limit of small deformation the curvature x of the beam can be
approximated by z’”” and the strain ¢ within the beam by %z’z. Using these reformulations, equation
(2.23) simplifies to

1 l
U:E/(ﬂﬁ+n+3%ﬂw. (2.24)
0

Since in our experiments a static electric field acts on the carbon nanotube, a constant, downwards

acting force K applied along the beam, is added:
1 l
U:E/(HH+R+DM+KAM. (2.25)
0

In order to get some meaningful statements from this we calculate the minimum energy. This results
in the equation
EIk"” — Tyz” —EA(e2)" =K =0 (2.26)

o . . . L
and upon resubstituting x and ¢ as well as introducing the total tension T = T + % /0 z'?
EIZ"" -TZz" - K =0, (2.27)

which is essentially a quadratic equation that can be solved in two different limits, i.e. two different

ratios of tension to flexural rigidity, that will be discussed in the following.

The bending limit

In the bending limit, the bending term corresponding to the flexural rigidity is much larger than the

tension EI/I? > T. In analogy to classical mechanics we can replace the constant force K with pz,
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where p is the mass density and % is an acceleration in direction of the force. Doing this and neglecting

the tension term in equation(2.27), we get a wave equation
iz = EIz"" (2.28)

for which the standard solution is given by z = zy(x) cos (wt + ¢) with w as the oscillation fre-
quency.The boundary conditions require that z(0) = z(I) = 0 and 2z’(0) = z’(l) = 0, i.e. the beam is
firmly fixed and does not move at its fixation points. Plugging in the boundary conditions yields the

resonance frequencies w,, of the system [81] to

2
A\ [EI
wn = (’B—) = (2.29)
! p
where the 8, are given by 8, = k,/ and can be determined using

cos(kyl) cosh(k,l) = 1. (2.30)
On a sidenote, it is worth mentioning that the calculation works analogous for a cantilever geometry
with the only difference in the calculation (arising from different boundary conditions) in the end is
the condition cos(k,!) cosh(k,l) = —1, thus resulting in differently spaced S,.

The tension limit

In the tension limit the tension dominates over the flexural rigidity and hence T > EI/I. Neglecting

the flexural term in equation (2.27) we find that
Tz” +K = 0. (2.31)
which is solved by a standard wave
z = zg cos (kx) cos (wt + ¢) (2.32)

in case of the described doubly clamped beam. From this equation we find the resonance frequencies

to be
T
w=2, /— (2.33)
L'\ u

which corresponds to the common string vibration as is e.g. observed in a guitar.

Intermediate or catenary range

If neither tension nor flexural rigidity dominate, which is the case most of the time for real devices,
both contributions need to be taken into account which leads to second order corrections. Sapmaz et

al [100] calculated these corrections to be:

224 [EI 1 ,
0= = 4 0.28T|—, T < EI/ (2.34)
12\ u uET
T 2 EI
w=2 =+ = T > EI/I2 (2.35)
INp BB\p
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Figure 2.17: Qualitatively predicted dispersion for a carbon nanotube NEMS. For low gate
voltages (V, the resonance frequency depends quadratically on the gate voltage before
transitioning into a linear regime in the intermediate range and finally features an exponent

<1 in the tension limit. Figure taken from [81].

For NEMS like the ones used within this thesis, the amount of induced tension can be tuned by applying
a static electric field effectively pulling on the resonator. The transition from bending limit to the
intermediate range and lastly to the tension limit is shown qualitatively in figure 2.17 Our devices
typically were in the bending limit during measurements and showed a quadratic dependence on the

applied electric field.

2.4.4 Duffing oscillator

In the description of the previous chapters it was assumed that the displacement is small and that the
resonator follows Hooke’s law where the restoring force is linear to the displacement. The latter is not
necessarily the case however, when the displacement becomes larger and the vibration leads to an
elongation of the resonator inducing additional tension. The case of a cubic restoring force results in

an equation of motion of the type of
mz(t) + bz(t) + kz(t) + az® = Fy cos(wt) (2.36)

which extends equation (2.21) by the cubic az® term, where « is a system specific parameter describing
the nonlinear restoring force. Such a system is called a Duffing oscillator. In figure 2.18 resonance curves
at different powers are shown. It is evident how the Lorentzian shape of a resonance curve is restored
for low powers whereas for higher powers the resonance peak is "bent" to either side. This amplitude
at which the peak starts to shift is the critical amplitude a.. Interestingly, we could observe a dragging
of the peak towards higher or lower frequencies in different vibration modes of one suspended carbon

nanotube device (see sec. 5.4.3). If the driving power is increased even further, the system can reach
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Figure 2.18: Power and sweeping direction dependence of a Duffing oscillator with positive
a. a)For an increasing driving power F, the resonance shape deviates more and more
from a Lorentzian shape (blue) towards a strongly distorted resonance shape. During
an actual measurement, the amplitude measured would jump at the positions indicated
by the arrows for an upwards directed frequency sweep. Figure a) taken from [101]. b)
When comparing trace (upwards sweep) and retrace (downwards sweep) of a measured
resonance, the full width of the bistable regime becomes obvious. During the trace the
system follows the high amplitude branch until the sudden drop while it remains in the

low branch during the retrace until it reaches the resonance base.

a regime, where there is more than one solution (state) for a given driving frequency. Of the three
possible solutions only two are observable: the one on the upper branch (i.e. the highest amplitude)
and on the lower branch (lowest amplitude) while the intermediate one is not stable. This resonance
shape gives rise to hysteretic behaviour since the direction of the frequency sweep determines the
observed resonance shape. In figure 2.18b), a resonance is shown for a sweep in both directions. The
vertical jump occurs at positions where a discontinuity of amplitude is observable upon changing the
frequency. This discontinuity could allow for some very sensitive measurements, since a small change
of resonance frequency (e.g. induced by a change of charge/magnetic state) can result in a sudden and
strong change of amplitude.

Postma et al. [29] performed calculations for a doubly clamped beam and derived the critical amplitude
from equation (2.36). Upon rewriting the loss factor b as b = 5’—";1 kask = %3 as well as assuming
a freely vibrating beam, they found the (slightly overestimated) resonance frequency and Duffing

parameter a/m to be

_(2x)’ EL(, 1V T 237
“’0—(7) 3 *(%)ﬁ 237
E 2714
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From this they calculated the critical amplitude a. to be given by

wl* [V3p
x2 \ EQ

ac =

(2.39)

using the mass density p.

2.4.5 Introduction to carbon nanotubes as a mechanical resonator

As described in more detail in section 2.1.1, carbon nanotubes are hollow cylinders with a very large
aspect ratio between length and diameter. Due to their low mass density and strong chemical bonds,
large resonance frequencies are expected in the different possible resonance modes. This section is
dedicated to introducing the different occurring resonance modes while showing their significance for
applications.

We previously introduced a double clamped beam as a reference system to describe some mechan-
ical modes in carbon nanotubes and thus transversal bending modes are the first mechanical mode
mentioned. Here, a displacement occurs orthogonally to the nanotube axis leading to a displacement
typically in the pm-range. Obviously, for this mode to occur the carbon nanotube needs to be suspended
since it is otherwise fixed by van der Waals forces on the substrate. These modes have been studied
(e.g. [97, 102-106]) and used for detection, e.g. for mass sensing [107, 108] or spin states [14]. The
principles of measurements using bending modes are presented in section 2.4.6.

The carbon nanotube may also experience a displacement of its centre of mass along its symmetry axis
which results in an oscillation along this axis. These modes are stretching modes since the nanotube
stretches and contracts along its axis. The endpoints are typically defined by the contacts where the
nanotube is not suspended anymore. These stretching modes couplestrongly to electron tunnelling
and thus create additional features in transport measurements. The influence of this electron-phonon
coupling has been studied in the past [21, 96] and will be presented in section 2.4.8. Closely related are
twisting modes, where parts of the nanotube rotate around the symmetry axis in a point symmetric
fashion. Their coupling to electrons is weaker and they are thus less studied experimentally. Theoreti-
cally, however, it has been predicted that twisting modes can induce an ac-spin-current mediated by
spin-rotation coupling [109].

Due to their hollow cylindric structure carbon nanotubes also express modes of mechanical motion
in radial direction, i.e. an expansion and contraction, called radial breathing mode or RBM. These
modes do not depend on the nanotube length but on the chirality. RBM can be measured in Raman
spectroscopy and allow to identify the chirality by measuring the Raman shift (see e.g. [110]), since it
is unique for each chirality. Additionally, it is possible to classify carbon nanotubes by their chirality

(see e.g. review [111]) which can be helpful when targeting specific properties.
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Figure 2.19: Comparison of different mechanical resonator modes and electronic level spacing
in a quantum dot as a function of the carbon nanotube length L. Since radial
breathing modes (RBM) only express movement along the radial axis, their resonance
frequency only depends on the chirality of the carbon nanotube but not on its length. The
electronic energy (see sec. 2.2) and longitudinal stretching modes (LSM) express a L™}
dependence equivalent to a classical standing wave. Bending modes, here in the bending
limit, feature a L™ dependence in analogy to the double clamped beam but in general

possess much lower energies/frequencies (4 peV~1 GHz) as the other resonance modes.

2.4.6 Detection of transversal mechanical resonances in carbon nanotubes
Current rectification

In 2009, Huettel et al. [103] and Steele et al. [97] introduced a mechanism using the nonlinear gate
dependence of the electronic conductance in carbon nanotubes that allows to both actuate the carbon
nanotube as well as detect the mechanical resonance [97, 103].

The ensuing description follows the arguments given in [103]. Upon driving the mechanical oscillation
of the carbon nanotube with electromagnetic waves, sent via a local antenna in the proximity or a
local gate (see figure 2.20), the motion amplitude changes as depicted in figure 2.15 depending on the
frequency of the incident radiation. When driving the system at its resonance frequency f;, it oscillates
with an amplitude u(t) = ug cos 2 f;t. Since part of this motion happens out of plane (with respect to
the device surface, here z-axis) the distance to the gate and therefore the capacitance to the gate C is
modulated periodically with §C, = % - u. This capacitance change results in a change of the induced
charge q. = C;V; in the carbon nanotube and behaves like an effective oscillating gate voltage given
by SC—C; = % with 6V, = Vg&w’eff cos2nft.

The electrostatic attraction between the charge in the dot g. and the gate causes an electrostatic

downward force approximated by [102]

_ 1 o (onc\? _ 1 v ope (+,DC
Fa = 5C, (Vg ) ~ SO (Vg +25Vg) (2.40)

37



2 Theoretical background

=

f

-

Source Drain

[T

Vsa Vs, Vg V. readout

1 2 3 4

Figure 2.20: Sketch of the measurement setup used in a current rectification technique setup,
based on [97]. The carbon nanotube is suspended between two electrodes and gate
controlled via local gate voltages Vj;. A bias voltage Viq is applied across the carbon
nanotube while a local antenna sends an oscillating electric signal Vir. The nanotube

movement is indicated with small red arrows.

where the oscillating change is assumed to be small compared to the DC-voltage on the gate and
Clg = dCy/dz is the derivative of the capacitance as a function of the distance between nanotube and
gate.

For many measurements we used a setup similar to [103], using an antenna to send in rf-signals. Our
measurement bandwidth (kHz-range) for the current is much smaller than the occurring mechanical
resonance frequencies (MHz to GHz range) and thus only time-averaged current can be measured.
This time averaged current I can be calculated in a Taylor-expansion of I(V + V) around 8V = 0. It
can be expressed as:

) u? (V, 9C\? &2I
T(uo, Vi) = I(Vy) + °( 8 g)

RN T ) - 4
ol tone +0(uh) (2.41)

2
IV

where higher order terms are omitted. Interestingly, due to the averaging, this deviation from the static
current I(V) induced by the mechanical motion depends only on the local curvature 5—% of the static
current and not on the first derivative. One necessity for a strong signal are thus sharp gate-dependent
conductance changes that require cryogenic temperatures to avoid smearing out due to a large thermal
energy. When looking at Coulomb peaks occurring in the Coulomb blockade regime (see section 2.2.1),
the sign of the curvature changes twice. On the flanks of the peak, the local curvature is positive and
the current observed at resonance is thus larger resulting in a current peak, while the curvature near
the maximum of the Coulomb Peak is negative and the resonance frequency thus results in a current

minimum.
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2.4 Carbon nanotubes as nanomechanical resonators

Carbon nanotubes as a frequency mixer

In the works of Sazonova [81, 102] a mixing technique [112-114] was used, where the carbon nanotube
acts as a frequency mixer. The following description follows these publications. In general, a mixing
technique uses nonlinear conductance behaviour of an electric component (e.g. a diode) to mix two
incoming frequencies f; and f; to two outgoing frequencies fy + f. Since current is given classically by
I = GV an oscillating conductance and oscillating applied bias voltage can mix their frequencies and
create a current signal at the sum and difference of the incident frequencies. As introduced an applied
oscillating gate voltage leads to a change of the induced charge §g. = §(CgVi) due to a transistor like
gating effect and mechanical oscillation. The latter is of course the strongest at resonance.

A second oscillating signal is applied on the source electrode §Vyq. The resulting current is measured
at the frequency difference Af = |f(6V;y) — f(6Vsa)| of the frequencies applied at the gate and the
source electrode since the sum of the two frequencies is far beyond the measurement bandwidth. The

resulting lock-in current depends on the amplitude of the applied voltages and the transconductance
dG

d_‘/g’
fluctuating control charge and can be expressed as

which carries the mechanical information. An expression for the current can be derived from the

1 dG 5C
SIns = 8GSVig = — — [8V, + VPC—E&| sV, 2.42
M ¢ \/ngg( &* e Cg) ‘ (242

In contrast to the previous technique of current rectification, here on first approximation the current
depends only on the first derivative with respect to the displacement. When analysing the resulting
signal, typically information can be retained by fitting a Lorentzian function to the measured data [81].
In case of larger amplitudes, however, where the Duffing-behaviour takes over the overall lineshape of
the resonator, this evaluation becomes increasingly inaccurate. The contribution of both the mechanical
part as well as the electrical part, however, can also be obtained by data analysis if both contributions
are well above the noise level [115].

Building on this approach, the group of A. Bachtold developed a different readout scheme [106, 116],
based on work on quantum point contacts [117, 118], still relying on the mixing inside a carbon nanotube
but without the small bandwidth limitation due to the inherent RC-lowpass behaviour of CNT-circuits.
Again, an applied oscillating voltage Viq at the bias with the frequency fiq results in a detectable
current whose modulations are the result of capacitively transduced displacement modulations. Here,
the electron-vibration coupling does not only create backaction but is also giving means to detect
vibrations [106]. At the output an RLC-tank circuit with resonance frequency wrrc = 27 frrc limits the
output frequency range and matches the impedance at resonance [119]. The frequencies are chosen
such that fg = fies £ fRic. If fsd, fres > frrc only electrons that took part in a mixing event possibly
posses the right frequency to pass the RLC-circuit. The current modulation 8I depends on the amplitude

modulation §z with

6l = Béz (2.43)
where f is given by
1 C’g dGaifr
=-Vi&¥—= . 2.44
P=3V Cy dVy © (2.44)
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A typical measurement consists of measuring the current noise density to quantify the variance of the

current I?

. at the RLC-circuit resonance frequency [106]. By measuring the current noise at fyrc, the

displacement noise can be retrieved. From the displacement noise, thermal vibrations can be detected
[106]. Since the measurement involves analysing noise that strongly depends on thermal energy, the
signal amplitude is depending on the temperature. Using the equipartition theorem, the occupation

number n can be approximated:
n= kg Toib _ l

ha)o 2 '

The big advantage of this technique is the absence of a direct drive on the mechanical resonance which

(2.45)

influences the occupation number of the vibrational state by excitation.

2.4.7 Electron tunnelling induced modifications of mechanical bending modes

In the previous section we discussed how mechanical bending vibrations alter the conductance and
how these effects can be used to detect the mechanical oscillations. Since backaction works both
ways, this section is dedicated to the influence of single electron tunnelling (SET) on the properties
of transversal mechanical bending modes and in particular how resonance frequency and quality
factor change when traversing a Coulomb peak in conductance. In order to describe this effect, we
assume SET to be an external perturbation as introduced in [97, 104] and reuse their model and some

experimental data for illustration.

Electrostatic-mechanical coupling

As a first step we need to quantify the electrostatic force on the quantum dot consisting of the gate
voltage V; and the potential on the dot Vyor with Vo < V. It was found [104] that the electric force

can be described
1 . (,pC 2 1 . ( pCye DC 2
Fa=5C (Vg - Vdot) ~2C, (vg )? -2V Vdot) +O(VE) (2.46)
and an expression given for the electrostatic potential Vyq

DC
Vit = —Pe + Cng _ Qdot + qdc
¢ = —— =
? Cdot Cdot Cdot Cdot

(2.47)

where we reused the control charge q. = CngDC and the average occupation of the energy level
responsible for transport qqot = —Pe with the occupation probability P. Looking at equation (2.46), the
first term can be identified to be a static contribution independent of tunnelling processes while the
second term depends on the dynamic of electrons within the dot. Plugging in eq. (2.47) into eq.2.46 we
can rewrite the influential electrodynamic contribution to

C yPC

F === (qaot = 4o)- (2.48)
dot

At this point it is already apparent, that the resonance frequency depends on the occupation of the

quantum dot since the strain inducing force F « gq4o; directly depends on the charge on the dot.
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2.4 Carbon nanotubes as nanomechanical resonators

Tunnelling-induced spring constant softening

The just established dependence of the electrostatic force F on the dot charge qqot has further implica-
tions when we move from a static case to a scenario with transport across the dot. The dot charge

directly depends on the occupation probability

dP
dqdot = €S0P = ed—qcéqc. (2.49)

which is given by the conductance and the tunnelling rate T in the closed quantum dot regime [120]:

6=Loc, L (2.50)
= —eCgot—. .
dqc dot2

Combining eq. (2.49) with eq. (2.50) and solving for ggot yields

2G

=5¢.—. 2.51
qdot qc TCaor ( )

This link between conductance and dot charge has implications on the mechanical behaviour of the
oscillator. The oscillator vibrates with
5z = 8zpe'2"f? (2.52)

where dz, is the amplitude of its motion and f its frequency. This movement in the electric gate
field, assuming small 6z, to avoid bifurcation, leads to an oscillating capacitance 6Cg, resulting in an

oscillating control charge g. and therefore also an oscillating quantum dot charge gqot:

0Cq = C'géz = C,gcszoeiz”ft (2.53)
8qc = 5CZV© (2.54)
(2.55)

At this point, it is worthwhile noting, that the quantum dot charge gq4ot follows the quantised control
charge g. and thus in an idealised scenario of zero temperature and zero bias the two charges would
show a staircase dependence since dq. is an integer. In reality, however, finite temperature (i.e. thermal
activation) and bias voltage result in a smearing out and a continuous dependence of the two.

Using these findings and plugging eq. (2.54) and eq. (2.51) into eq. (2.48) for the case of changing

charges we get

C /VDC (C/ VDC)Z 2G
SF=—-88 (5q4ot — 6q.) = —28 — 1| 570"t 2.56
o (8qdot — Iqc) Con \TCwn zpe (2.56)

which predicts a change of force for different conductance and tunnelling rate. Considering the

dependence of the force on the displacement dz given by §F = §kdz we find a spring constant k and

20f _ ok

therefore get an expression for the change of resonance frequency §f using T T

/ 2
5f=_]§(cgvg) (2G —1). (2.57)

2 k Cdot r Cdot
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This finding predicts a direct dependence of the resonance frequency on the conductance via the
quantum dot. As a consequence a spring constant softening, i.e. a reduction of the resonance frequency,
is expected in regions with large conductance such as Coulomb peaks. While this effect has also been
measured in this thesis, for demonstration purposes the cleaner data acquired by Steele et al. [97]
using a current rectification technique are presented here.

In figure 2.21, the behaviour of one mechanical resonance as a function of gate voltage when crossing
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Figure 2.21: Mechanical resonance measured as a function of gate voltage across four Coulomb
peaks. In the upper panel, the current measured by a rectification technique is shown
as a function of gate voltage and expresses Coulomb peaks. The lower panel plots the
normalised absolute difference to the conductance at resonance after subtracting the
off-resonant average of each trace (thus resonance is always appearing dark). The jump in
resonance frequency towards lower gate voltages after addition of another hole as well
as the dip in the resonance frequency on a Coulomb peak are nicely visible. The inset
shows the difference between a higher (dark grey) and lower (light grey) bias voltage

measurement. Figure adapted from [97].

four Coulomb peaks is shown. The overall trend of increasing resonance frequency towards higher
gate voltages follows the expected ng—dependence. Even though it looks like there is a small shift
in gate voltage between the measured Coulomb peaks and the observed frequency dips, the clear

correlation expected from the previous derivation is apparent.

Influence of electron dynamics on the mechanical quality factor

Besides the appearing change of the resonance frequency, single electron tunnelling can also affect the
quality factor, i.e. the losses, within the mechanical oscillator. Due to the oscillations of the carbon
nanotube, the charge in the dot oscillates with dqqo as well and this change of charge needs to flow
via the tunnelling barriers at the leads with the current [104]

2G 2G
5q. =2 fe
[ e = 27 e

S8liot = 27 f8qqor = 27 fe Cy V620! (2.58)
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2.4 Carbon nanotubes as nanomechanical resonators

where we used previously defined relations to the control charge (eq. (2.49)) and the conductance in
the Coulomb blockade regime (eq. (2.50)). Once we know the current we can determine the energy

loss Egjss per oscillation based on Ohm’s law

UL 4 am’f [ 2G 2
Egiss = —8I% dt = Cc,vPbcs 2.59
diss ‘/0 G dot G ( T'Caor g Ve 20 ( )

which is thus proportional to the conductance and the square of the motion amplitude. When we
consider the total energy stored in the mechanical state Ei,; = %k&g we can derive an expression for

the quality factor Q using its definition in equation (2.22)

2
_ 27TEtot _ 1 k (erot (2 60)

Q= Ediss 2nf GCZ | 2vP©

The quality factor of the mechanical resonance therefore also depends on the conductance and is thus
expected to decrease when crossing a Coulomb peak. Since the clear connection between electron
tunnelling and the mechanical properties has been established, this seems like a reasonable result that
higher conductance, i.e. higher current, leads to higher losses that are even higher in stronger electric
fields. Since the total energy is determined purely by the vibration amplitude, it should be affected less.
The clear change of quality factor for regions with different conductance is shown in figure 2.22 .
When comparing the resonance shape at different positions on the Coulomb peak for low driving
powers, a transition from a bifurcating area with a high quality factor (orange circle in figure 2.22) to a
regime with lower quality factor (green circle) but a more Lorentzian-looking resonance shape can be
observed. Since the dissipated energy generally depends on the current, an applied bias voltage should

result in increased losses as well [97], even though it does not directly appear in the formula.

Duffing parameter modification due to electron tunnelling

When the driving power is increased bifurcation can be observed all across the Coulomb peak (figure
2.22 c)+d)). Interestingly, the sign of the Duffing parameter is changing in a similar manner to the
observed current change of a mechanical resonance when crossing a Coulomb peak.
For higher driving powers also the amplitude of the oscillation or displacement of the oscillator is
increased. This results in a deviation from Hooke’s law and we replace the spring constant k with a
modified constant k’ = k + ax? that takes the high amplitude motion into account. This means that the
parameter o represents an effective spring constant softening (hardening) for « < 0 (¢ > 0) and also
determines the bifurcation direction towards low (high) frequencies [97]. It can be calculated directly
as the third derivative of the force d°F/dz® and thus, neglecting d>C/dz? terms
_dF _d(sk) _ V2 (d_C)2 d2(5k)
dz3  dz? ¢ \dz] d?%q.

the Duffing parameter « follows the curvature of §k which can be directly retrieved from the measured

(2.61)

gate voltage dependence of the resonance frequency. This dependence on the curvature also explains

that the sign of Duffing parameter changes at the inflection points of the measured frequency dip.
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Figure 2.22: Response of the mechanical resonance upon crossing a Coulomb peak for different
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driving powers. For low driving powers a) + b) both bifurcating and linear behaviour
can be observed. The quality factor differs strongly (up to factor of ~ 30) with the relative
position on a Coulomb peak. For higher driving powers c) + d) the nonlinearity and
bifurcation becomes more expressed. The Duffing constant & changes sign while crossing

the Coulomb peak. Figure taken with minor adaptions from [97].



2.4 Carbon nanotubes as nanomechanical resonators

2.4.8 Longitudinal stretching modes in carbon nanotubes

The discussion of mechanical vibration modes in carbon nanotubes so far has been focused on the
bending modes and how they affect electronic transport. This section, however, is dedicated to lon-
gitudinal stretching modes. In contrast to bending modes, the stretching modes feature an active
movement along the axis of electronic transport which results in a more direct backaction. However,
their detection with previously introduced measurement techngqiues is not possible since there is no
movement along the electric field gradient of the gates. The energies of these modes are typically well
within the measurement window of a usual transport measurement and allow an approximation of the
suspended nanotube length. Due to their somewhat large energy, at least far larger than bending modes
with ~ 1peV, in the range of hundreds of peV they are thermally mostly unoccupied at cryogenic
temperatures where the thermal energy kgT at 50 mK is ~4.3 peV and are thus close to their quantum
mechanical ground state. Based on the Franck-Condon-principle [121, 122] of taking into account
vibrational states for electronic transitions in molecules, single-electron tunnelling events in carbon
nanotubes can induce a longitudinal displacement which is called a longitudinal stretching mode [21,
96].

The degree of interaction between electronic and vibronic states is quantified by the electron-phonon-

2
coupling g = % (xio) (or electron-vibron coupling) where x is the classical displacement length and
Xo = v/ mo the quantum mechanical oscillator length or, alternatively g can be expressed less general
FZ
hmeo

asg = [96]. For larger scale NEMS that express bulk-like characteristics g is typically very small
g < 1. In contrast, for suspended carbon nanotubes values in the order of g = 1 [96] or higher
({(g9) = 3.3) [21] have been reported. Generally, the absolute value for the electron-phonon coupling is
strongly dependent on the sample characteristics. In particular the length and radius of the carbon
nanotube as well as the position of the induced quantum dot, defects and strain in the carbon nanotube
can have strong effects [123].

According to the Franck-Condon-model single-electron tunnelling can induce a longitudinal displace-
ment and thus a shift of the equilibrium position of the oscillator. By rewriting the definition for the

electron-phonon g this displacement x can be calculated with

x = +/29% (2.62)

Mariani et al. [123] derived an expression for g based on an extended Anderson-Holstein model which
depends inversely on the carbon nanotube’s circumference. The interested reader is directed to this
publication to for more information on coupling mechanisms as well as the electron-phonon coupling of
other vibration modes. In the following two sections, the influence of the electron-phonon-coupling via
stretching modes on the transport properties of a nanotube in the regimes of weak/intermediate(g < 1)

and strong (g > 1) coupling will be discussed.

Intermediate electron-phonon-couplingg < 1

Since the tunnelling of an additional electron into the quantum dot can induce a displacement, a nice

visualisation of the influence on transition probabilities is a plot of the corresponding vibron potentials
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and their associated shift accompanying the displacement of the oscillator (figure 2.23a),b)). For very
weak electron-phonon coupling g < 1, the potential shift is vanishing and (vibronic) ground-state to
ground-state transitions from the N to N +1 electron configurations are strongly favoured. Additionally,
the ground state is orthogonal to most higher vibronic states and transitions into the latter are thus
suppressed.

When the electron-vibron coupling is larger and in the range of g < 1, the shift in the vibron potential
is non-negligible and transitions from ground-state to ground-state as well as ground-state to excited-
states are allowed. If a process takes place that results in an excited state, the system’s behaviour is
determined by the vibronic relaxation rate y and the tunnelling rate to leave the quantum dot I'. If
the relaxation rate is larger than the tunnelling y > T excitations are decaying before an electron
can leave the dot and thus transport is blocked. If y < T the electron can leave the dot and transport
is occurring. These excited processes result in bands of high transport in parallel to the edges of a
Coulomb-diamond with an equidistant spacing given by the energy difference AEy;, of the vibronic

states (figure 2.23e). This energy difference can be calculated to

AEy, nh |Y _ 110 peV
L L \pm L(pm)

(2.63)

where Y =1TPa is the Young’s modulus of a carbon nanotube, p,, =1.3 g cm™ its mass density, L its
length and n the quantum number of the vibrational state [96]. This L™!-dependence is analogous to
the level spacing of the electronic spaces but with absolute values that are smaller by about one order
of magnitude [96].

By measuring these phononic conduction sidebands an approximation on the electron-phonon coupling
is possible by considering the differential conductance at the gate voltage associated to the Coulomb

diamond tip [21]. If the phonons are in equilibrium, the Franck-Condon-theory predicts a relation of

(2.64)

dr \m e 9g"
(dVSd) Tl

n

and thus gives the means to determine the electron-phonon coupling by fitting eq. (2.64) and thus the

nanotube diameter/circumference.

Strong coupling regime g > 1: Franck-Condon-blockade

In case of very strong electron-phonon coupling g > 1, the resulting shift of the vibron potential
is big enough to suppress ground-state to ground-state transitions (see figure 2.23c). This effective
blocking of low bias transitions (higher vibrational state require higher bias) due to the reduced
wavefunction overlap of the ground-state wavefunctions is called Franck-Condon-blockade which
results in a decreased conductance for small bias voltages Vyq. Additionally, tunnelling via higher
excited states is enhanced due to the stronger overlap of the N—electron vibronic ground-state with
the N + 1—electron excited states [21].
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Figure 2.23: Influence of electron-phonon coupling for different coupling strengths. a), b):
Schematic representation of the vibron-potential shift induced by single-electron tun-
nelling. The colour saturation is indicating the probability of transitions into the respective
state. For weak electron-phonon coupling g < 1 a) the parabolic vibronic potential is
shifted only by a small amount between the state for N—electrons (blue) compared to
N + 1—electrons (orange). Transport is dominated by ground-state(GS) to GS transitions,
indicated by the black vertical arrow, since the GS is orthogonal to higher vibronic states.
For an intermediately strong coupling g < 1, the vibronic potential is visibly shifted by
a distance x = 1/2gx,. Now, besides GS to GS transitions also transitions into low lying
excited vibronic states are enabled. ¢) A large electron-phonon coupling g > 1 results
in a large shift of the vibronic potential effectively blocking GS to GS transitions while
increasing the likelihood of transitions into excited states. The energy level diagram d)
shows the equidistant vibronic states that give rise to additional conductance, depending
on the relaxation rate y and the tunnelling rate I'. Conduction via excited states appear
as bands running parallel to the edge of Coulomb diamonds e), taken from [21]). In the
negative bias range, these bands have been highlighted by black lines. Measuring their
energy spacing as well as their conductance allows to determine the carbon nanotube
length, the electron-phonon coupling as well as the carbon nanotube diameter. In the low
bias voltage range, conduction is strongly reduced since ground-state transitions are sup-
pressed. The shift in gate-voltage is not attributed to phononic effects but an asymmetric

coupling to the leads [124]. 47
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2.5 Introduction to single-molecule magnets

2.5.1 General introduction into single-molecule magnets

To conclude this introduction into the physical background, an introduction into single-molecule
magnets (SMM) and how they can couple to carbon nanotubes will be given. For a more thorough
treatment and description, books such as [125] are recommended to the interested reader.
Magnetism is a phenomenon mostly observed as a collective effect of of many interacting spins in
a material, compensating or supplementing each other, that can cause forces on the macroscopic
scale. Starting from a bulk magnet on the cm-scale consisting a multitude of magnetic domains (i.e.
areas of aligned spins), downscaling in material size causes a reduction in the number of magnetic
domains.Eventually, below a certain length scale, known as exchange length [126] that is commonly in
the nanometer range, a particle is allowed to have only a single domain. For a single domain nanopar-
ticle, the magnetism is simply explained using a large macroscopic spin. However, the description
of the system does not really lead to single spin physics as a single domain still consists of a large
number of interacting spins.

When decreasing the size even further eventually a regime can be reached where only a single spin
forms the sole magnet. This single spin can originate from a single atom or electron, a defect, but also
from a single molecule featuring a single large spin. Specially in the latter case, due to a large size
of the molecule and an isolated magnetic core, often an ensemble of molecules also exhibits single
molecule properties due to very low inter molecular interaction. With a single molecular spin being
the building block in such systems, they are called single-molecule magnets (SMM).

Starting from the 1980s [127], SMMs have been synthesised and their properties studied, since pre-
dictions of a strong Jahn-Teller-effect [127] (i.e. lifting of degeneracy of electronic states due to an
electric ligand-field) promised interesting findings. Since they can be synthesised chemically, it is
possible to create a multitude of identical copies of the desired SMM. They can form van-der-Waals
crystals, where the magnetic properties closely resemble the properties of a single molecule since it is
a single crystal formed from identical building blocks. Their structure is commonly composed of one
or more magnetic ions in the centre bonded to organic ligands forming a shell around the magnetic
core. Frequently studied examples are the Mn;,-O-acetate complex [Mn;2(CH3COO);4(H,0)4012](H20)
[128-132] composed of twelve manganese ions (Mn(III)/Mn(IV)) forming a giant spin with S = 10
in a shell of acetate-chains (see figure 2.24) or terbium(IIl) bis(phthalocyaninato) (TbPc;) [9-14, 17]
complexes where a central magnetic atom of the lanthanide terbium provides the spin of interest and
is encapsulated by Pc-plains from top and bottom. In case of the latter, which was used in this thesis,
the magnetism is described by the sole magnetic core, i.e. the total angular momentum J of the single
Tb** ion.

The organic ligand shell surrounding the magnetic core mainly serves two purposes. On one hand,
the organic shell couples to the exterior and is responsible for binding to surfaces or intermolecular
binding. Since SMMs are chemically synthesised, the organic shell can be modified in a way to enhance
its performance depending on the application. On the other hand, it is encapsulating the magnetic core

and thus screens it from the environment. This screening is both a curse and a blessing, since it reduces

48



2.5 Introduction to single-molecule magnets

b) 0) ’ﬁ;&

Figure 2.24: Ball-and-stick representation of two exemplary single-molecule magnets. The
Mnj,-acetate complex a) features a core of 12 manganese ions with Mn** (central 4) or
Mn*? (8 outer ones) ionisation state that give an S = 10 spin ground state. The TbPc,
molecule b) hosts a central Tb*" ion with J = 6 ground state and a C, point group
symmetry. In a top-view c), the twisting angle between the two planes becomes visible.
Structures generated using the software Mercury by the Cambridge Crystallographic Data
Centre, hydrogen omitted. Colour code: Carbon(grey), Oxygen (red), manganese (purple),

nitrogen(blue) and terbium(cyan).

disturbing interference from the outside resulting in very long spin-relaxation times [8], especially
at low temperatures, but at the same time makes addressing the individual spin in a controlled way
rather difficult as it is so well decoupled from the exterior.

In the following, TbPc, will be used as an exemplary representative of the SMM family to explain why
spin and nuclear spin in SMM are desirable physical properties for quantum applications by explaining
its electronic structure as well as the physics of spin-relaxation processes alongside the implication of

conservation laws.

2.5.2 ThPc, as a model single-molecule magnet
Structure and electronic properties

As shortly introduced in the previous section, TbPc;, consists of a central Tb3*-ion acting as the
magnetic core and organic bisphthalocyaninato ligands, arranged roughly in two parallel planes
sandwiching the magnetic core (ref. figure 2.24b)). Each plane consists of four identical segments
forming the characteristic wing-like looking aromatic hydrocarbons. The terbium ion is arranged
in a fourfold symmetric configuration between the planes, where the inner four nitrogen atoms in
the inner aromatic ring bind it in an elevated position above their centre of mass (ref. figure 2.24b)).
The two Pc-planes are rotated with respect to each other by an angle of 45° (figure 2.24c)) forming an
encapsulating shell around the central terbium ion.

The structural feature standing out is the terbium ion, which also mainly determines the electronic
properties of TbPc,. A Th**-ion possesses an electronic configuration of [Xe]4f® stating that the eight
electrons in the outermost shell dominate its behaviour. The eight electrons fill the seven 4f-orbitals

following Hund’s rules resulting in a total angular momentum J = L+ S = 6. Following Hund’s rule for
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Figure 2.25: Zeeman diagram for ThPc; showing the ligand field effect splitting the J-states as
well as the magnetic field effect. Based on [136].

more than half filled shells, the ground state is J = 6 with a degeneracy of 2] + 1 = 13. Lanthanide ions
feature a strong spin-orbit interaction and the first excited state J = 5 is split by 250 meV~2900K [133,
134]. Since most experiments are performed at temperatures way below this, e.g. millikelvin for this
thesis, it is safe to assume excited states negligible and limit the discussion to the J = 6 ground state.
The energy levels of the terbium ions are further modified when the influence of the organic ligands
are taken into account. For the C4 point group symmetry in a XPc;-molecule (X= rare earth ion) arising
from the 45° rotation between the upper and lower Pc-plane, the ligand field parameters have been

calculated [135] and applied to measured data [136]. The ligand field Hamiltonian reads
3
Hip = ) B, 09, + BiO] (2.65)
n=1

with the Stevens operators O;? and the associated coefficients A’j? . The three summed terms (Ogn)
describe the uniaxial anisotropies, while the O} describes a transverse field interaction that also plays
a role in the anisotropy in three dimensions. Some of these terms contain contributions proportional
to J, and thus lead to an additional modification of the magnetic quantum number m;. This additional
contribution causes a splitting between the ground state m; = +6 and the first excited state m; = +5 of
~ 600 K (ref. figure 2.25). For experiments at cryogenic temperatures this excludes thermal occupation
of the first excited state and the system behaves like an Ising-spin [137] with m; = +6. The transverse
contribution described by the Oj-term causes an additional small splitting of 1.05 uK [136] lifting the

degeneracy between the two ground state levels, though the thermal energy in our experiments is high
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2.5 Introduction to single-molecule magnets

enough to effectively have equal occupation. This situation of two energetically almost equivalent

states separated by an energy barrier is called magnetic bistability [128].

Spin-relaxation mechanisms

In figure 2.26a), the energy level scheme of the mj-states is shown with qualitatively accurate level
spacing. The bistable situation occurs between the m; = 6 and m; = —6 states separated by a large
barrier and the remaining states. In order to change from m; = 6 to m; = —6 or vice versa a series of
thermally activated processes is necessary to overcome the barrier. As a consequence of this, relaxation
times can reach extremely high values at low temperatures up to years [8]. Nonetheless, non-thermal
relaxation paths consisting of quantum tunnelling of magnetisation (QTM) (see fig. 2.26) a tunnelling
of the magnetic moment through the energy barrier have been observed [138—141]. This process is
refered to as quantum tunnelling of magnetisation (QTM) (see figure 2.26a)).

Since the described electronic states and interactions originate from spins, a Zeeman effect taking

place is to be expected. The Zeeman contribution to the electron Hamiltonian is given by

7-{Z,e = gL,UB]zBZ (2'66)

with the Bohr magneton pp and the Landé-factor g, for terbium. The index z corresponds to the easy
axis of the molecule. Therefore, an applied magnetic field causes a linear Zeeman-splitting of the
mj-states (ref. figure 2.25). This splitting of the energy states also opens another spin-relaxation path as
now direct phonon processes offer an additional path to relaxate. Energy and angular momentum need
to be conserved in the relaxation process which can lead to interesting selective behaviour, especially if
the phononic density of states is discrete as it is the case for a molecule grafted on a carbon nanotubes
[14, 16, 99]. Higher order phonon processes like the Orbach- or Raman-process offer other relaxation
paths via phonons but lose importance at low temperatures due to the temperature dependence of

their relaxation times [142]

1 1
o (2.67)
Torbach ~ exp E’/kgT — 1
and
1
o T7. (2.68)
TRaman

Using the Zeeman splitting while assuming a single giant spin quantised in z-direction and neglecting

transversal components of the anisotropy, m-states are described by a Hamiltonian [125]

H = —Dm?* — gugmB, (2.69)
with a magnetic field B, applied along the z-axis and the anisotropy constant D again for the z-axis.
Two states m and m’ align energetically if

(m+m)D
guB

and thus the levels cross for discrete magnetic field values. As mentioned, the transverse terms from

B, = (2.70)

eq. (2.65) can transform this crossing into an avoided level crossing by creating a small waveform
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overlap causing the eigenstates of the system’s Hamiltonian to be composed of linear combinations.
In the avoided level crossing situation, the two energy levels are separated by a tunnel splitting
Ay, allowing for resonant quantum tunnelling. A spin initialised in either of the states can oscillate
coherently between the states at resonant conditions with an oscillating frequency wp, n = A'g—'h’"'. The
tunnelling between the states only happens in a certain range of magnetic field given by

SH = — Bmnt (2.71)

guspolm —m’|

which is also referred to as the bare tunnel width. As always in real experiments, the tunnel width can
be broadened by interactions with the environment influencing the coherent tunnelling.

In order to describe the dynamics of a transition upon sweeping one parameter of the system and thus
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Figure 2.26: Quantum tunnelling of magnetisation (QTM) in an exemplary SMM. a) In zero
field, the energy levels are symmetric and transitions from J = —6 to J = +6 are possible
by QTM or via thermally activated processes. Based on [143]. b) When sweeping the
magnetic field parallel to the easy-axis, the SMM approaches the avoided level crossing in
state m. With a probability P it can tunnel into the m’ state. The tunnelling probability

depends on the energy gap and the sweeping rate.

traversing an avoided level crossing Landau [144], Zener [145], Stiickelberg [146] and Majorana [147]
developed a formula for the probability of a diabatic transition as sketched in figure 2.26b), which
can be applied for QTM. Nowadays it is often referred to as the Landau-Zener model and offers an

expression for the tunnelling probability P which can be expressed as

P 1-e ) oH 1-e o A" (2.72)
=1—-exp|— =1-exp|— .
Lz P\ dr P\™ar/a:

where we reused previous definitions of tunnel width and oscillation frequency and introduced the
field sweep rate dH/dt and a proportionality factor « containing the constants. It states that QTM
will almost certainly happen in case of adiabatic sweeping (i.e. dH/dt — 0) or very large tunnel
splitting. When increasing the sweeping rate, the tunnelling probability decreases exponentially and

will eventually vanish for very large sweep rates.
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Figure 2.27: Zeeman-diagram of the nuclear spin states of a molecule in the subspace m; = +6
with spin-relaxation processes, redrawn qualitatively after [136]. For small magnetic
fields quantum tunnelling of magnetisation (QTM) occurring at avoided level crossings
(inset) allows for spin-relaxation. At larger magnetic fields, QTM is not possible anymore
and spin relaxation is happening via direct processes. The second inset on the right shows

the energy level spacing between the individual nuclear spin states.

Nuclear spin of Tb

Since terbium is composed solely of the isotope **Tb with a nuclear spin I = 3/2, the four possible

nuclear spin states need to be taken into account as well. They feature an additional Zeeman-effect
7-{Z,n = giunI B, (2.73)

where we used the g-factor of the nucleus g; and the nuclear magneton puy. As a result, the m; = 6
ground state is split for the four nuclear spin-states (see figure 2.27). The energy splitting between the
nuclear spin states due to the hyperfine coupling together with a nuclear quadrupole interaction is
non-linear, which opens the possibility to drive individual transitions selectively. The Zeeman splitting
results in four avoided level crossings at different applied magnetic fields with a tunnel splitting A of
about 1 pK.

In the previous section, spin relaxation processes were described while neglecting the nuclear spin.
Since the flip of the electron spin conserves the nuclear spin this was a valid assumption. Taking nuclear
spin states into account, the magnetic field value for which QTM can occur shifts due to the hyperfine
coupling. As a consequence, in applications the nuclear spin-state can be read-out by measuring the
magnetic field value at which QTM between the electronic spin doublet occurs. This technique was
applied e.g. to a spin-transistor, where a spin-flip resulted in a measurable change of conductance
[9, 10, 17, 148] (see figure 2.28). By sweeping the magnetic field, the current nuclear spin-state could
be detected with a fidelity of 69% [9]. The sensitivity of the conductance to the terbium spin state

arises from an exchange coupling between the terbium spin and the z-orbitals in the Pc-ligands that
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Figure 2.28: Nuclear spin readout of the terbium ion in TbPc; in a spin-transistor. a) A Zeeman-
diagram shows the avoided level crossings where QTM may occur. b) Upon sweeping the
magnetic field, the conductance changes when the spin undergoes QTM. The magnetic
field value at which this occurs depends on the nuclear spin state. ¢) histogram of the
measured switching fields, where each peak corresponds to a nuclear spin state. Figure

extracted with slight adaptations from [10].

act as the readout quantum dot in the confined arrangement of a single molecule spin transisitor. By
coherently applying electric pulses to the nuclear spin coupling via the ac-Stark-effect, a manipulation
of terbium nuclear spin was possible. This qudit structure has been used to implement basic quantum
algorithms including Rabi, Ramsey measurements yielding decoherence times upto 100 muS. Moreover,

even Grover’s algorithm has been demonstrated [17].

2.5.3 Readout of single molecule magnets with a carbon nanotube

Due to their exceptional mechanical properties and integrability into electronic circuits as well as their
small radial size matching the dimensions of SMM, carbon nanotubes are an interesting candidate
for sensitive magnetometers with different coupling mechanisms proposed such as magnetic flux,
mechanical or electronic coupling [143].

As introduced in section 2.3, it is easily possible to create one or more quantum dots in a carbon
nanotube, either by electric field tuning or by simply using Schottky barriers at the metal interface.
In this transistor like configuration, the conductance of the carbon nanotube is very sensitive on

local perturbations. It has been shown [11-13] that it is possible to both manipulate and read-out
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2.5 Introduction to single-molecule magnets

the spin-state of the SMM via a current driven through the carbon nanotube. Similar to the spin
transistor described before where the quantum dot was formed in the organic ligands, the conductance
is sensitive to magnetisation reversal and thus a spin-flip is observable. By putting two molecules on
different positions on one carbon nanotube it was possible to create a molecular spin-valve [11-13]

based on magnetoresistive effects that reduce the current for antiparallel spin orientation.

DC-SQUID detection

Further, it is possible to couple the spin of an SMM to a carbon nanotube via the aforementioned

magnetic flux coupling. A carbon nanotube can serve as the weak link in a dc-SQUID [24, 28] magne-

tometer where the SMM is grafted onto the carbon nanotube. Due to the very small crosssection of

about 1 nm? which is about the same size as a typical SMM, very good flux coupling is expected. Since

a lanthanide bisphthalocyaninato complex (LnPc;) causes a magnetic flux of ~ 10~* @, [24], where
h

@y = 5= is a flux quantum, and the sensitivity of a nano-SQUID is approximated to be ~ 107> @, a

situation is created where the molecule’s magnetic flux is measurable.

Magnetometry via mechanical stress sensing

Lastly, it has been shown that the spin of the single-molecule magnet can be coupled to mechanical
motion of a carbon nanotube via spin-phonon coupling [14-16]. Using carbon nanotubes functionalised
with single-molecule magnets have been proposed as sensitive magnetometres by Lassagne et al. [149]
where the single-molecule magnet is grafted onto a suspended carbon nanotube (see figure 2.29).
Applylng a magnetic field H misaligned with the magnetic moment m of the SMM induces a torque
T=mxH-= guspo/h JxH causing a rotation towards the magnetic field direction causing the SMM
to rotate in order to minimise the magnetic anisotropy energy resulting in a bending of the carbon
nanotube [149], as illustrated in figure 2.29. The bending causes an additional tension in the carbon
nanotube shifting the resonance frequency. The frequency shift depends on the position of the SMM
along the CNT of length L and is not maximum when the SMM is attached to the centre (L/2) since
this favours the shape of the first harmonic, but when the SMM is attached at L/4 [149]. Given high
quality factors for the mechanical resonance, the sensitivity is ultimately limited by the frequency

noise due to thermal fluctuations [150] given by

2k kT
Q kz?

1
Ofin = ——|BW (2.74)
2
with the measurement bandwidth BW, the resonance frequency f;, the quality factor Q, the spring
constant k and the amplitude of motion zy [149]. Plugging in experimental values obtained in [103] of

fo 50 MHz, k ~10™* Nm™! for a length of L ~ 1 um, they found it was possible to reach the limit of

1up at low temperatures and few hundred pp at room temperature [149].
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Figure 2.29: CNT NEMS acting as magnetometre. a) SEM micrograph with a SMM grafted onto
a suspended CNT. Arrows are indicating the magnetic field H, the SMM total angular
momentum J and the acting torque I. Figure taken from [15]. b)+c) Sketch of the acting
forces and relevant angles of an SMM (Stoner-Wohlfahrth model) attached to a CNT
without b) and with ¢) magnetic field. In case of an applied magnetic field c), the SMM
rotates due to a different orientation of the magnetic moment m and bends the CNT (here
in black). Adapted from [149]. d) Schematic of the resulting frequency shift with an applied
magnetic field due to the induced additional tension in the CNT. Adapted from [15].

Bi-stable mechanical resonance as digital amplifier

Ganzhorn et al. [15] proposed a readout mechanism making use of the bistability of carbon nanotubes
around their mechanical resonance at higher driving powers. When a carbon nanotube is prepared
in a state close to the peak of the Duffing resonance peak, small changes of the resonance frequency
can result in a very strong signal due to the bistable situation (figure 2.30). Since the difference, e.g.
in conductance, between the two bistable states can be huge [15, 97, 103, 107, 116], the expected
signal-to-noise-ratio (SNR) is large. This mechanism is mostly suited for single event measurements,
like a spin-flip or magnetisation reversal, as the resulting state is typically only weakly sensitive

towards small changes of the resonance frequency induced by strain.

Quantum Einstein-de-Haas effect for nuclear-spin readout

When discussing spin relaxation mechanisms special emphasis was put on conservation of energy and
angular momentum when the giant spin of an SMM flips. For an SMM grafted onto a suspended CNT,
the only system that can compensate the difference in angular momentum and energy is the CNT it is
attached to. As discussed in section 2.4.5, carbon nanotubes do not have a continuous spectrum of
available mechanical modes but rather a discrete set of modes at energies specific to the CNT geometry
and its environment. Upon sweeping a magnetic field parallel to the easy axis of an SMM attached
to a CNT, Ganzhorn et al. [16] found that the SMM undergoes a magnetisation reversal, measurable

as a conductance jump, in 100% of the sweeps for magnetic field values of 70-170 mT for upwards
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Figure 2.30: Schematic of a spin-reversal readout using the mechanical bistability of a CNT
mechanical resonator. When the CNT is prepared in a state in the bistable region (green
dot), perturbations like a magnetisation reversal or a magnetic field can induce a jump

resulting in a large signal-to-noise-ratio.

sweep direction bunched around four distinct values but never around zero. This matches the energy
scale of longitudinal vibration modes (sec. 2.4.8) of about 1K, which is way above the tunnel splitting
of 1K at the avoided level crossing and thus cannot be QTM but must rather be attributed to a
direct process as depicted in figure 2.27. The same can be said for the energies of bending modes and
radial breathing modes, though no direct transitions have been observed at their respective energy
scale. At low temperatures of about 20 mK and moderate magnetic field sweep velocities (~ 100 mT s,
magnetisation reversal occurs mainly around four discrete field values [16], visible as four peaks in
a histogram in figure 2.31 indicating that the electron spin flip for the four different nuclear spin
states are observed. The average initial nuclear spin occupation can be determined by comparing
the peaks within the histogram since they can be attributed to the four nuclear spin-states. For slow
magnetic sweeping speeds, the system has enough time to relaxate into its nuclear spin ground state
and therefore mostly transitions at smaller field values are measured. At higher temperatures, the four
peaks start to smear out and cannot be distinguished properly anymore.

These experiments showed, that carbon nanotubes are a versatile platform that can interact with
Single-molecule magnets in different ways that can be adjusted for the application case. They have
proven to be able to non-destructively read-out the nuclear spin state of the central terbium-ion while
offering a way to integrate SMMs into nano-circuits. How such circuits can be fabricated, which
challenges need to overcome and how potential devices could look like, is the subject of the next

chapter.
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Figure 2.31: Magnetisation reversal histograms for TbPc; attached to a CNT NEMS for different
magnetic field sweep rates a), transverse magnetic field b) and temperatures c).
The four distinct peaks in most histograms can be attributed to the four nuclear spin states

of the central terbium-ion. Figure extracted with adaptations from [16].
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3 Fabrication

In this chapter, the fabrication of the devices measured within the frame of this thesis will be presented.
The purpose of this chapter is to discuss the individual steps, the problems we encountered and how we
were tackling them. A detailed list of process parameters and values can be found in section 6. At first,
the design and fabrication scheme for the nano-structured metal-circuits of the two different carbon
nanotube integration techniques, the ’top-growth’ and the ’stamping’ technique, will be introductory
presented (section 3.1). Following up on this in section 3.2, the fabrication techniques used for the
production of said circuits will be reviewed. The bulk of this chapter is composed of a detailed review
of the two carbon nanotube integration techniques used in this thesis in section 3.3, pointing out
their similarities and differences as well as weighing their benefits and drawbacks. As a last step, the
deposition of single-molecule magnets using an evaporation technique as well as an attempt to verify

their integrity are shown in section 3.4.

3.1 Circuit designs and fabrication scheme

In this section the design and fabrication layout of some of the devices are presented. A list of steps
will be given for both ’top-growth’ and ’stamping’ samples. The fabrication techniques themselves as

well as some of the occurring problems are discussed in the later section 3.2.

3.1.1 Layout of the metal-circuit for ’top-growth’ procedure

Since this project evolves around suspended carbon nanotubes, their mechanical modes, double
quantum dots and a potential coupling to single-molecule magnets we wanted to build a circuit
containing a suspended carbon nanotube with several local gates to tune the electric potential landscape.
The layout and an electron microscope picture of one device are given in figure 3.1. The exact parameters
for the fabrication are given in appendix 6. Here, a list of steps (table 3.1) for the top-growth process
together with an explanation on why the process was designed this way is given. The first constraint
to keep in mind is that the growth process forces harsh conditions (*800 °C in an atmosphere of CHy
and Hj, see section 3.3.1) onto the circuit. This severely limits the usable range of materials as some
commonly used materials will either melt (e.g. Al [151]), become diffusive (e.g. Au [152] ) or chemically
react with the gases (e.g. Nb [153]). While it is still possible to use them for non-functional structures
such as markers, no functional structure can be made from them, making it harder to, for example,
build superconducting circuits.

We start off the fabrication by cleaning a commercially bought p-doped (i.e. doping with boron)

(100)Si-chip with a size of 15x15 or 20x20 mm? cut from a 4-inch wafer grown in a Czochralski-process

59



3 Fabrication

Ers

Figure 3.1: Full layout of a chip used for top-growth circuits a). Large red areas are alignment
markers for orientation. A single chiplet b) is divided into 6 identical pieces c), split in
two parts of four devices each d) with shared five local gates (e-beam part is coloured red,
optical part is coloured purple). The contact electrodes coloured dark green are made in a
combined e-beam/optical lithography step. The catalyst islands coloured yellow are located
symmetrically around the gap e) and serve as starting points for CNT growth. An SEM
micrograph f) shows an actually measured device with four fully functional gates. The gate

on the left was partially screened due to imperfect alignment.
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) ) ) 5 nm titanium,
Step 1: Alignment markers Optical Lithography
40 nm gold

3 nm titanium,
Step 2: Local gates E-beam Lithography 7 nm molybdenum or plat-

inum

) ) 5 nm titanium,
Step 3: Gate bondpads Optical Lithography .
70 nm platinum

. . Atomic layer deposi- | 10-15nm aluminium ox-
Step 4: Insulating Oxide . .
tion ide

. 5nm titanium,
Step 5: Contact Electrodes | E-beam and Optical
. 70 nm molybdenum,
and bondpads Lithography :
70 nm platinum

nanoparticle deposition

Step 6: Catalyst windows E-Beam lithography (of. section 3.3.1)
rf. section 3.3.

Table 3.1: List of the nanofabrication steps for the fabrication of top-growth samples. Details

including used resist, parameters, reactants etc. can be accessed in section 6.

and a thickness of about 525 pm, resulting in a resistivity of 1-5 mQ cm. The surface of this chip features
a 290 nm thick layer of amorphous, insulating SiO,' produced in a dry oxidation process. The p-doping
creates a conductive substrate that allows us to use the substrate as a global backgate or ground
plane. The dry oxidation technique typically results in thinner, but cleaner SiO, layers whereas the
wet oxidation process can create thicker layers with more impurities but at the same time created
problems in combination with chemical vapour deposition processes [99] due to strain. Despite the
harsh conditions hinted at before, we still used gold as the material for the alignment markers (step
1) fabricated in an optical lithography step since it is easy to handle and provides great contrast for
e-beam lithography. At the time of the CVD process, the markers are not needed any longer and
damage to them is no concern. We mainly used crosses with a feature size of few micrometre or
rectangles arranged in a vernier caliper working principle to align individual optical lithography steps.
For the alignment of e-beam lithography steps, more crosses close to the structures to be written were
patterned. How a lithography process works is described in section 3.2.1. The achieved alignment
accuracies were in the order of 1 um for optical alignment and below 100 nm for e-beam alignment.

Since the CNT mustn’t touch the local gates even for applied electric fields it is essential to put
some distance between gates and the CNT. This means that the contacting electrodes need to be
manufactured much higher than the local gates. We thus chose a height of 10-15 nm for the local gates
to ensure an uninterrupted film even if Volmer-Weber-growth (i.e. growth predominantly in islands
instead of layer by layer) is predominant but still stay reasonably thin. We were aiming to have five
local gates which we need to bring below the suspended CNT section whose length is limited due to

the CNT growth and the contacting electrode height as the CNT will have some slack. We aimed for a

1 Siegert Wafer, Charlottenburger Allee 7, 52068 Aachen
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ratio of suspended length:suspension height of 5:1, which proved to be enough for CNTs that were
growing roughly orthogonal to the local gates. Additionally some leeway for alignment inaccuracies
was given between gates and contacts to avoid overlapping. Taking all of this into account we chose a
gate width of about 50 nm with a spacing of about 60 nm and 100 nm of leeway resulting in a high yield
percentage of functional structures. Since typically gates were shared between 4 contact pairs 3.1d)
these gate lines were rather long (35 um, aspect ratio of more than 500:1), hence sometimes cuts could
not be avoided. As a consequence of the thin film thickness, microbonding directly on it is not feasible.
Thus, we were fabricating bondpads and lines leading to the local gates using optical lithography.
We chose a rather large thickness of about 70 nm to facilitate microbonding even in the presence of
additional insulating layers on top.

Since the growth of CNTs is a non-deterministic process (see section 3.3.1) we globally covered all
structures fabricated up to this point in an oxide layer to avoid shorting lines electrically. As a first

test, we evaporated aluminium with a low rate of about 0.02 nm g1

in an oxygen atmosphere of about
1X 1073 mbar to create aluminiumoxide. The created oxide proved to be insulating after evaporation and
further lithography steps but unfortunately was conducting after exposing the device to CVD growth
conditions (as described in section3.3.1). We blame this on an impure oxide that formed conduction
channels after "annealing" at high temperatures. Therefore, we created a cleaner oxide using atomic
layer deposition (ALD). The details of an ALD process are presented in section 3.2.3. At this point it
suffices to say that the ALD process resulted in nicely insulating layers that survived CVD-conditions
and no leakage occurred for devices without other obvious flaws such as molten gates or a partially
broken substrate.

The next fabrication step consisted of creating the electrodes that are supposed to form the contact
to the carbon nanotube. We used an approach where we combined optical and e-beam lithography
to reduce the number of necessary lithography steps and evaporations. The combination of the
two lithographies (writing and developing) worked out nicely. Still, this step proved to be the most
challenging one, as is discussed in detail in 3.2.2. In short, excessive heating during the evaporation
caused the film to curl after the evaporation, hard baked or burned parts of the resist and resulted
in broken structures. In the end, we fabricated electrodes about 750 nm apart with a height between
150-200 nm with a platinum top layer for a good electric contact to the CNT [26].

When all these individual lithography steps worked out, the resist for the last lithography step needed
to define starting areas for the carbon nanotube growth (cf. section 3.3.1) was spincoated. The chip was
then diced into sections of approximately 2.5x 3.5 mm? to be used in the CNT growth, such that every
chiplet labelled by a letter (figure 3.1b) can be treated on its own. Overall each single chip consists of 12
chiplets (letters "A"-"L") that consist of 6 identical fields with 8 devices each. Thus a total of 12*6*8=576
devices are fabricated on each single chip necessitating some post-selection (cf. section 3.3.3) since not

each and every one of the devices can be cooled down and measured.

3.1.2 Layout of the metal-circuit for the ’stamping’ technique

The stamping technique requires some spatial freedom to manoeuvre the cantilever chip in order to

position the CNT at its designated spot. Therefore, it is necessary to etch parts of the substrate to enable
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) ) ) 4 nm titanium,
Step 1: Alignment markers Optical Lithography
40 nm gold

. 3 nm titanium,
Step 2: Local gates E-beam Lithography .
8 nm aluminium

5nm titanium,
Step 3: Contact Electrodes E-beam Lithography 100 nm aluminium,

10 nm palladium

Reactive-ion etching us-

Step 4: Trenches Optical lithograph
P P EHAPRY | ing CHFs, Ar, SF6,CyFs

Table 3.2: List of the nanofabrication steps for the fabrication of stamping-transfer samples.

Further details including used resist, parameters, reactants etc. can be accessed in section 6.

vertical movement. Since the CNTs are not grown directly on the chip anymore, the structures on the
chip are never exposed to the violent CVD conditions allowing us to use metals such as aluminium,
gold and titanium also for functional structures. This is an obvious simplification that also allows for
the easy introduction of common superconductors like the mentioned aluminium.

The fabrication scheme follows a similar pattern (cf. table 3.2), consisting of alignment markers of gold
in the first optical lithography step with the difference that in this case the bond pads as well as the
lines leading to the functional part of the circuit are patterned as well, since there is no later fabrication
step, e.g. CNT growth, that is going to harm them. We are using a universal layout consisting of
24 dc-lines that allows for a flexible design of e-beam patterned structures in the centre of the chip
(figure 3.2). As a next step the local gates are fabricated in an e-beam lithography step with a thickness
of 10-20 nm. A reasonably large overlapping area with the leads leading from the bondpads to the
nano-circuit was chosen such that there is a high chance of a proper electric contact. Since the gates
are thinner than the optical lines they are supposed to overlap with, the connection will sometimes
be interrupted since the metal film can be discontinuous at the edges. To enhance the chances of
successful connection, it can be helpful to envelop the optically patterned structure on at least 3 sides
to avoid detrimental effects of a small angle during the evaporation. Typically, the gates were made
from a stack of titanium and aluminium which offers the advantage of a native insulating oxide layer
forming at the surface helping to prevent electrical shorts.

Once the gates are on the chip, the contacting electrodes are fabricated and, analogously to top-growth
chips, they are fabricated a fair bit higher (~ 110 nm) than the local gates. The reasoning is again to
enable the CNT to be suspended by having enough distance between the CNT and the substrate. The
exact material stack for this technique differed widely between individual devices, but typically was in
the format of titanium-metal-palladium since palladium as a contacting material is known to be able
to result in a low-ohmic interface resistance (e.g. [154]) which is attributed to the small work-function
mismatch to CNTs and titanium behaves nicely as an adhesion layer.

For this, we patterned an etching mask using optical lithography before etching the SiO, and Si in

a reactive-ion etching process. To etch the 290 nm SiO; surface, a mixture of CHF;/Ar/O; was used
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Figure 3.2: Full layout of a fabricated chip for the stamping transfer technique a). After etching
trenches (in light green), the chip will be cut in 10 chiplets b) with shared optical designs
(in red) and differing e-beam written structures in the centre (gates in purple, contacts in
dark green). Here, a layout for four double quantum dot circuits is shown ¢) and d). In a
fabricated and measured device it is nicely visible on an SEM micrograph e) where the CNT

was cut and how it is suspended between the two contacts
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3.2 Nanofabrication techniques

while for etching the main depth of the trench (= 10 — 20 pm) a Bosch-like process was the technique
of choice. Here, the etching was performed by cycling two different etchants where SFs was used to
etch the substrate, while C4Fg was used to passivate the sidewalls between the etching steps to protect
them from further etching. This procedure is particularly useful for deep etching recipes since the
etching process is not perfectly anisotropic and thus the sides would be slowly etched away resulting
in non-vertical walls and an uncontrolled broadening of the etched structure.

Once the trench is etched the metal-circuit fabrication of these devices is complete and the CNT needs

to be integrated as a last step. The integration via the stamping technique is discussed in section 3.3.4.

3.2 Nanofabrication techniques

To observe any of the physics discussed in previous chapters an electric circuit is needed. We were
fabricating every nanostructure using the facilities available at KIT in the "Physikalisches Institut’?, the
Center for Functional Nanosctructures® and the Institute for Nanotechnology*. The processing scheme
for the devices has been shown in section 3.1. Here, an introduction into nanofabrication techniques is
given. In order to shape the metal structures, two different general principles can be applied: Either
material is added locally by evaporation or sputtering or material is added globally and then removed
locally by wet or dry etching. Both ways require the possibility to manipulate the surface on a scale
down to nm-dimensions. The most common way of doing so is by using lithography techniques which

will be discussed in the following.

3.2.1 Photo- and e-beam-lithography

In general in a lithography (greek: lithos=stone, graphein=to write) step a sacrificial layer will be applied
to the substrate, then a part of this layer is altered locally and removed. We were using two similar
techniques to structure our circuits: photo lithography and e-beam lithography. Here, an organic resist
that is sensitive to irradiation with either electrons or photons of a certain energy is deposited onto the
substrate. Several techniques exist for this application such as spray covering or using a rotating disc.
For reproducibility it is important to be able to reliably realise a certain thickness with a homogeneous
surface across the full substrate. To realise this, using spray covering requires a sophisticated approach
where mechanisation helps a lot and is therefore mostly an industrial application. We were using the
rotating disc technique called spincoating. Here, the substrate is fixed on a disc via vacuum pumping
and the resist of choice can be cast onto it. Then, the disc starts to rotate with typical frequencies
between 1000 and 10000 rpm. The resulting centrifugal force pushes the resist away from the centre
while cohesion and adhesion guarantee a thin layer to remain. By tuning rotation speed (spinning
parameter) and cohesion (resist parameter), the resulting thickness can be tuned.

After application to the substrate, the solvent of the resist is evaporated by heating above its evaporation

temperature. Depending on the chosen resist this so called baking can also change the sensitivity

Z Physikalisches Institut, Wolfgang-Gaede-Str. 1, 76131 Karlsruhe, Germany
3 Center for Functional Nanostructures, Wolfgang-Gaede-Str. 1a, 76131 Karlsruhe, Germany
4 Institute of Nanotechnology, Hermann-von-Helmholtz-Platz 1, 76344 Eggenstein-Leopoldshafen
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3 Fabrication

towards later exposure, i.e. the amount of incident radiation necessary to sufficiently alter the resist.
It is necessary to avoid surpassing the decomposition temperature of the resist where irreversible
chemical changes deprive the resist of its functionality. If another layer of resist is supposed to be
spincoated on top of the first one it is highly advisable to check their compatibility, e.g. making
sure that the later applied resist does not dissolve the previous one or react chemically in undesired
fashion. Additional resist layers may be necessary when either a high thickness is required, as might
be necessary for etching processes where the resist can be attacked as well, thick metal film deposition,
or when a specific resist profile like an undercut structure (figure 3.3) is desired. The latter leads to
spatially separated resist and metal film resulting in a facilitated lift-off (as described in section 3.2.2
and shown in figure 3.3).

The exposure of the device, i.e. the process that manipulates the resist, was either performed by
NSL-employees in the form of electron beam lithography® or by ourselves as photo lithography using
a Hg-Xe gas lamp °. In the first case an electron beam with acceleration voltages of 50 kV scanned
the sample and locally altered the resist. In our case, for e-beam lithography, PMMA (poly[methyl
metacrylate]) was used primarily where the incident electron beam causes a breaking of chemical
bonds between monomers in the polymer effectively reducing the polymer chain length. The typical
quantity used to describe the deposited energy is the so called dose given in units of uC/cm? It is
intuitively clear that the dose needs to be large enough to alter the resist strong enough as it otherwise
will not be removed in the following development step. On the higher end of the dose spectrum things
depend more on the specific resist as some are not too sensitive on large doses while others, like
PMMA, tend to form crosslinks that make it insensitive to typical development [155, 156].

During the development step, the resist is submerged in a solvent that only dissolves the chemically
changed parts of the resist but leaves the non-exposed parts unaffected or vice versa. In reality, the
chosen solvent, the developer, will also attack the remaining resist. It is therefore necessary to adjust
the development time to make sure that everything that is supposed to be removed is removed, but
the remaining structures are only weakly affected. Appropriate choice of developer, temperature,
development time and technique, i.e. a reproducible way of applying the developer to the resist, greatly
improves the result and reproducibility. If only the exposed part is removed, the process is called
positive lithography and if only the exposed part remains it is called negative lithography. Since some
of the incident photons and electrons during the exposure are scattered and absorbed upon hitting the
resist, the development typically does not lead to vertical walls but a certain inclination outlining the
scattering cone, beam shape and absorption profile can be observed [157]. This effect can be enhanced
by stacking different layers of resist that are unequally sensitive to the exposure and development
process as described before. Once this mask for the following structure was prepared we continued
with a metal evaporation or etching step to shape the device in the form of the desired structure.
It should be noted that in order to positionally match different lithography steps some alignment
procedure is required. Our procedure revolved around evaporating specific marker structures during

the first lithography step and then realigning the to be written structures with respect to these markers.

> used machine: JEOL JBX-5500, scanning electron microscope
¢ used machine: SUSS Manual Mask Aligner, MA6 Rev03
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Figure 3.3: Scheme of a lithography using a double-layer of resist. Two layers of different resists
are coated onto a substrate a) and exposed and developed b). Then either a metal thin film
is evaporated c) and the remaining resist plus undesired metal removed d) or parts of the

substrate are etched e) and the resist removed afterwards f).

Design-wise, as mentioned, we either used crosses or rectangles arranged in the working principle of
a vernier caliper giving us a typical accuracy of less than 1 pum for optical lithography and < 100 nm

for e-beam lithography.

3.2.2 Metal-evaporation and thin-film growth

In this section some of the principles behind thin film growth and metal deposition will be discussed
since they made up a large part of our fabrication process and were responsible for many of the
problems we encountered. There are several ways of getting a metal film onto a substrate such as
electroplating, electron-beam or Focused-ion-beam-assisted deposition (e.g. for platinum [158]), atomic
layer deposition (e.g. for aluminium [159]), magnetron sputtering and thermal evaporation of which
only the latter two will be discussed here. Both techniques, however, are working in a different pressure
regime inside the vacuum chamber that changes their preferred application area.

The pressure during a sputtering process is typically in the order of 1 X 107> mbar due to the necessary
ionised atoms that are accelerated onto the target and eject atoms from the target material, which then
travel to the substrate where they are deposited. In order to determine the rate with which material
is deposited, typically an oscillating quartz crystal is put in proximity to the substrate. If metal is
deposited onto the oscillating quartz its resonance frequency is decreasing due to the additional mass.
If the density is known, the thickness can be calculated. Since the deposition rate at the quartz is
not necessarily exactly the same as on the substrate, a tooling factor is set that compensates for the
differing rates. Due to the comparably high pressure the mean free path is only in the order of tens
of centimetres so a non negligible amount of atoms will scatter and not reach the surface vertically.
While this is no problem if the full surface of the substrate is to be covered, it can cause issues if there
is a resist mask on top of the substrate and part of the target material is deposited on the sidewalls of
the resist stack. In this case the resist can be encapsulated in the metal film making it harder to remove
and additional metal may remain on the structures in the form of fences (Fig. 3.4). A metal fence is a
thin wall of metal attached to the edges of the top of the written structure and can be as high as the

resist stack. These fences can be detrimental when trying to connect another structure onto this one,
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Figure 3.4: Scanning electron micrograph of nanofabricated local gates and contact electrodes.
The contact electrodes show clear and high fences, most likely due to material evaporated

on the sidewalls of the resist connected to the structure.

since the local resist stack can be strongly affected, the overlap reduced or it can even act as a shadow
mask in the case of an evaporation under an inclined angle with respect to the surface normal. For the
stamping technique (see section 3.3.4) to transfer nanotubes onto a fully fabricated chip these fences
also locally alter the interface conditions possibly changing the quality and behaviour, for the better
or the worse, of the CNT-metal contact.

The technique we used for all metal structures shown in this thesis is thermal evaporation. For this,
the desired material is heated up to a temperature where the vapour pressure is high enough that
atoms are evaporated into the gas phase and travel through the vacuum chamber. Typical chamber
pressures in such an evaporation procedure are in the order of 1 X 1077 mbar or lower. The mean free
path in this pressure range is in the order of a few hundred metres or higher and atoms traverse the
chamber mostly without scattering since the distance between target and substrate is about 30-40 cm.
As described before, the deposition rate is measured with an oscillating quartz in proximity to the
sample.

In contrast to the sputtering technique where the ejection of atoms into the gas phase is created by
collision cascade, the ejection via thermal energy can lead to problems. It is obvious that different
materials with different melting points will have different vapour pressures at the same temperature. As
a result, in some compounds such as alloys, the components will not necessarily deposit with the same
rate as the vapour pressure at the target is the sum of the partial pressures of the components [160]
limiting the range of materials for which thermal evaporation is applicable. Also, high melting points
materials are trickier to handle since a crucible material is necessary that can sustain the required
high temperatures without melting or breaking. Alloy formation can lead to problems as well, e.g.

when evaporating niobium in a tungsten crucible. Thermal radiation can also have detrimental effects
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Figure 3.5: SEM-image of an evaporated metal film after a lift-off process. Internal stresses were
strong enough to rip parts of the film from the substrate making it curl. The effect was the

strongest at the widest parts of the structures.

both on the chamber pressure (e.g. degassing of surfaces) as well as the resist. Since the resist can
be damaged by deposited energy due to heat radiation as well, a trade-off between evaporation time,
incoming heat flux and cooling power is required. The evaporation rate increases exponentially with
temperature while the radiative heat increases with T*. Higher evaporation rate, means a shorter
evaporation time and thus shorter heat exposure at a higher heating rate, shifting the equilibrium
temperature to a higher value which is not necessarily reached during the evaporation process. Ideal

parameters are thus very dependent on setup and application

Since an evaporation growth process cannot lead to a perfect film and the heating during the
evaporation causes thermal expansion/contraction when removing the sample afterwards, residual
stress is unavoidable. This stress can be significant reaching several hundred MPa or more [161]. As a
consequence an adhesive layer in between substrate and desired metal film may be necessary to make
sure that the metal film remains in place. Otherwise, if for example the thermal expansion coefficients
do not match, the metal film might curl, ruining the circuit (Fig. 3.5). One peculiar example of a tricky

evaporation was the evaporation of the contacting electrodes for the top-growth process.

Evaporation of contact electrodes using molybdenum

The most obvious requirements for this step in the fabrication are a rather large film height of about
150 nm or more as well as temperature resilient materials that also need to form a low-ohmic contact
to CNTs. In the past, platinum has proven to be a well suited material for this purpose [26, 162].
However, when fabricating thick platinum films at room temperature, we ran into problems of films
peeling off (figure 3.5) due to large strain most likely due to the strong mismatch of thermal expansion
coefficients (ap; ~ 107> K1 [163], asio, ~ 0.55 - 1070 K™! [164], ars; ~ 2.6 - 1076 K1 [165]), especially at

the metal/oxide interface. We could reduce this problem with the choice of a proper adhesive layer of
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titanium that is forming chemical bonds with the oxide and provides a good interface for the metal and
using an intermediate layer of molybdenum. Molybdenum offers the advantage of being thermally and
chemically resilient and provides an intermediate thermal expansion coefficient (a, ~ 5+ 1070 K™!
[166] while still being a good thermal and electric conductor. However, the high melting point and low
vapour pressure also complicate the thermal evaporation of molybdenum.

As described previously, thermal evaporation of metals offers a heating trade-off and molybdenum

Figure 3.6: Scanning electron micrograph of the contact electrode lithography before the lift-
off. The highlighted patterned structures are still easily identifiable despite the apparent
merging with the surrounding resist due to the overheating in the evaporation chamber
during molybdenum evaporation. Post lift-off the structures were electrically shorted and

unusable.

evaporation induces a lot of heat in the sample making it easy to destroy the resist and therefore ruin
the lithography (figure 3.6). We therefore developed a routine that reduces the heating of the sample
by evaporating in steps of a few nanometers using a rather low rate of about 0.05 nms™! followed by
a 90 s break with closed sample shutter protecting the sample from the radiative heat. Additionally,
the sample holder was cooled to —80 °C by circulating cryogenic N; gas. This way, the resist was less
damaged and the lithography worked out nicely more often. Towards the end, we additionally cooled
the walls of the evaporation chamber by filling liquid nitrogen into an installed tank. Cold chamber
walls decrease the pressure due to reduced degassing and potentially cryo-pumping. Additionally,
cold walls make a radiative cooling of the sample more efficient thereby decreasing the heatload on
the sample which benefits the resist as well. Taking all factors into account, we mostly used a metal

stack of 5 nm Ti, 70 nm Mo and 70 nm Pt as a trade-off of evaporation time, stability, resistivity and cost.
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Figure 3.7: Simplified scheme of an ALD process for the formation of Al;O; thin films shown

N

in a two dimensionsal cross-section. a) Upon entering the process chamber, the surface
sample is saturated by hydroxyl groups. b) When TMA is introduced to the chamber it c)
reacts with the hydroxyl groups under methane formation d) covering the surface with
DMA. e) The chamber is now filled with H,O f) replacing the methyl groups attached to
the central aluminium atom with hydroxyl groups under methane formation. This way, the

surface is again terminated with hydroxyl groups and the cycle can start again.

3.2.3 Atomic layer deposition

In this deposition technique a thin film is deposited atomic layer for atomic layer using cycles of
different precursor gases until the desired thickness is reached. We either used Al;O3 or HfO; as the
insulating material of choice. Processes for creating Al,O3; have been more established in our lab
and were thus used most of the time. However, we also fabricated a few samples with HfO, since
the higher dielectric constant (ka1,0, = 6 — 8 [167], krro, & 18 — 20 [168]) was attractive to us since
it increases the capacitive coupling between local gate and CNT, even though fabrication issues for
similar circuits on top of HfO, have been reported in the past [99]. In the following a process for Al,0O5
is described exemplary. The surface of our chips was typically terminated by hydroxyl groups formed
by residual water vapour in the air. The ALD process we used involved an oxygen plasma or ozone
surface cleaning step followed by cycles of trimethylaluminium (TMA, Al(CH3);) and water vapour
(H,O) at a temperature of 250 °C (see figure 3.7). In non-chemical terms, the hydrogen in the hydroxyl
group is replaced by a Dimethylaluminium (DMA) under methane (CH,4) formation. Afterwards the
chamber is flushed with an inert gas before H,O is used as a reactive gas in the second step. In this step,
hydroxyl groups replace methyl groups while forming methane rendering the surface termination
as it was before the first step enabling a cycling of the steps. Generally for us, 10 steps resulted in
thickness of #1 nm. To ensure that all local gate lines are completely covered with an oxide layer we

chose thicknesses between 10 and 15 nm, matching or surpassing the local gate height.
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Figure 3.8: SEM picture of clusters of catalyst nanoparticles on an SiO; surface. Mainly visible
are the matrix of Al;O5 forming clusters as well as many CNTs emerging from this cluster
and forming a network. The exaggerated diameter of the CNTs is an artifact of the imaging

technique (charging, hydrocarbon deposition).

3.3 Integrating carbon nanotubes into metal circuits

After discussing the fabrication of the metal circuit of the devices, the integration of the centrepiece of
these circuits, the CNT, is the last step in the creation of the functional circuits. Within the frame of
this thesis, two techniques, the so called top-growth and the stamping, have been used. In the following
a comparison between the two techniques will be given, some (dis)advantages discussed and details

on how we applied these techniques presented.

3.3.1 Carbon nanotube growth

The main feature of the top-growth procedure is described in the name itself, as in this technique
the CNTs are grown directly on top, i.e. on the site where they are later used, of the metal circuit.
Historically, different techniques for the creation of carbon nanotubes have been established such as
laser ablation [169], plasma arc ablation [170] and the technique we used which is the chemical vapour
deposition [22, 171, 172]. In this technique a catalyst is locally applied that serves as an activation

centre where the carbon nanotube growth is taking place.

Catalyst preparation and deposition

For the top growth process the catalyst solution should only be applied locally on predefined positions
on the circuit. Since the required alignment precision is about 1 um and the feature size is in the same
order of magnitude we chose to use e-beam lithography to be able to reliably pattern a resist in the

shape and on the position we want it to be (figure 3.1e)). To facilitate the lift-off we used a double-layer
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of PMMA to achieve a thick resist film spatially separating the nanoparticles on top of the resist and the
substrate surface. Our standard lift-off recipes for metal evaporation typically involve ultrasonication
which greatly helps getting rid of metal leftovers loosely attached to the circuit and can thus not be
applied for this step as otherwise the nanoparticles will move on the surface or be removed since
they are also only loosely attached at this point. Thus, we used a series of beakers (3 times acetone, 1
time isopropanol) to remove the resist. In the first two beakers the sample is submerged into acetone
for 5 seconds while constantly stirring to remove the uppermost parts of the resist and get rid of
nanoparticles attached to it. To further reduce redeposition, the sample can be held upside down to
have the help of gravity. In the third beaker the sample is stirred for 6 minutes before being cleaned in
IPA and dried by an N,-gun to remove the solvent. Using this technique there is typically very little
catalyst outside of the pre-defined windows.

The last step before the actual growth itself consists of a surface cleaning of the circuit and catalyst
since there are always some organic residues after using any lithography technique. Therefore, we
applied an oxygen plasma to the sample in a plasma asher’ to burn away any organic residues on
the surface. The isotropic plasma in the chamber offers the advantage of mainly chemical etching
processes and only very little physical etching so the structures are barely damaged by this. In the past,
this plasma cleaning and activation of the resist has shown to improve the activity of the deposited
catalyst [172, 173].

Chemical vapour deposition

Generally, chemical vapour deposition (CVD) is a process to deposit thin films or create small quantities
of a specific material on top of a substrate. It involves precursor gases that decompose in the vicinity
of the substrate or chemically react with it forming the desired compound. Since there can be volatile
side-products and a continuous feed of fresh precursor gas can be beneficial by replenishing the feed
stock this process is often performed in a chamber with a continuous gas flow. The temperature in the
process chamber is a crucial parameter as it greatly influences chemical reactions and dissociation of
precursor gases.

The process we use for the formation of CNTs involved the precursor gases H, and CH4 and tempera-
tures inside the reaction chamber of 750-900 °C. Our reaction chamber consists of a 2.5 cm diameter
quartzglass tube with a scroll pump on one end and three mass-flow controllers (for H,, CHy4, and Ar)
on the other end. A section of about 30 cm of the tube is placed in a hinged oven with a heating zone of
about 15 cm which we use to create the required temperatures (see figure 3.9). The samples are located
on a quartz crystal arm we can move along the tube axis to move the samples into and out of the oven
at any point in time. The catalytic growth process can be described following the vapour-liquid-solid
model (VLS). When the process gases reach the interior of the oven, the high temperature combined
with the catalyst particles at the surface lead to a decomposition of CHy into hydrogen and carbon
radicals. While the unsupported decomposition of methane needs temperatures above 1200 °C, the
usage of catalyst lowers it into an accessible range [174]. At these elevated temperatures, the surface

of the nanoparticles is molten and the carbon radicals can diffuse into it while the hydrogen exits the

7 Niederdruckplasmaanlage; Type: Nano, Diener electronic GmbH +Co. KG
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Figure 3.9: Photograph of the hinged oven used for the CVD-process to grow CNTs. The gas

74

flow is regulated by mass-flow controllers on the right side, attached to the left side is a
pump. On the cross on the left side of the pictures samples can be loaded from the top and
unloaded via an attachable airlock. A movable arm made of quartz (barely visible) allows
the movement of the samples in and out of the oven. For safety reasons, the heated oven

with flammable gases is located inside a fume hood.
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Figure 3.10: Scheme for the two widely accepted growth modes for carbon nanotubes in a

CVD process, taken from [22]. a) tip-growth model where the catalyst nanoparticle is
lifted and hovering while the nanotube grows at the top moving the nanoparticle with it.
b) base-growth model where the catalyst nanoparticle remains on the substrate and the

carbon nanotube is being pushed out of the catalyst.

furnace with the gas flow. When the carbon solubility limit is reached, parts of the carbon start to
crystallise on the surface of the nanoparticle. The exact process that is going on is still up for debate
but two modes are generally accepted as depicted in figure 3.10. The description follows the arguments
given in [22]. In the tip-growth mode the interaction between catalyst and surface is weak and the
carbon crystallises on the sides of the nanoparticle. Fresh carbon enters from the top and diffuses to
the sides where it crystallises and pushes the nanoparticle upwards, away from the substrate. The
crystallisation happens without dangling bonds and is energetically stable. The growth process is
terminated when the carbon gradient in the particle vanishes, which can happen if a carbon cap is
screening the nanoparticle. In an alternative growth mode, the substrate-catalyst interaction is strong
and the nanoparticle remains on the surface. In this case, carbon enters the catalyst on the sides and
bottom and diffuses towards the upper centre. The crystallisation occurs on the upper central areas
and starts by forming a hemisphere which is subsequently pushed out of the nanoparticle. In analogy
to the previous mode, growth is terminated when a carbon cap screens the catalyst particle, or when
the tube can not be pushed out further meaning no crystallisation occurs and the carbon gradient
breaks down.

By adjusting different parameters of CNT growth, such as temperature, gas flow, precursor gases, cata-
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Figure 3.11: Comparison of scanning electron microscopy (SEM) micrographs for the same
metal stack but different CVD-temperatures. a) and d) offer a tilted view, b) and c)
show a top down view. All images were taken on individual pieces of a single chip that
have seen different CVD growth temperatures. A clear trend to a less deformed surface

and less CNTs is visible with decreasing temperature.

lyst material and size etc. the results obtained from CNT growth can be tuned to fit the requirements
the best.

3.3.2 Top-growth procedure

As aforementioned, the strongest concern for us when it comes to growing CNTs directly on the
metal circuit were the high temperatures involved in the CVD-process that could negatively affect
our samples. A comparison of the metal film surface for different growth temperatures can be seen
in figure 3.11. Unsurprisingly the film is stronger affected, when the temperature during the growth
process is higher. The surface before each growth was smooth but appeared wavy with a significant
amplitude after the growth for some devices. For other materials parts of the material film were ejected
at high growth temperature while the film stayed intact for lower temperatures. Even though this
might not necessarily be detrimental for the CNT-metal contact quality, as higher temperatures can
lead to metal-carbide formations that show low-resistance [51], the reproducibility and cleanliness
of the samples suffers. In addition, the density, i.e. the number of nanotubes connecting source and
drain electrodes, was too high at these temperatures and we frequently saw two or more CNTs per
junction in SEM imaging (fig. 3.11a)). Compared to previous work [68, 99] on similar devices it is
apparent that we had a higher yield when using similar parameters and had to reduce the number

of CNTs per junction. The logical consequence to both issues for us was to reduce the heatload the
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sample is exposed to. In order to do so, we first reduced the growth temperature and in addition tested
the impact of using a "hot-load" and "fast-cooldown" procedure. For the hot-load procedure we kept
the sample outside of the heated zone of the oven until the oven was hot. Only then the sample was
moved into the heated zone and the gas flow set for the growth conditions, thus reducing the time it is
exposed to heat. Once the growth process was finished, after 15 minutes in our case, we immediately
removed the sample from the heated zone again resulting in a fast cooldown of the sample which
further reduced the overall heatload.

The second major disadvantage of the top-growth process is the non-deterministic nature of the CNT
integration. While it is comparably easy to achieve low-ohmic resistance between CNT and metal
since no additional post-treatment is required to achieve a resistance of 50 kQ or less, the complexity of
the circuits is strongly limited. It is easy to imagine that circuits containing more than one functional
CNT component are even harder to build as the likelihood of a successful growth (i.e. exactly one
good CNT per junction) decreases exponentially with the number of devices. It is also necessary to
protect other structures that are not supposed to be connected to a CNT from randomly growing
CNTs or redeposited catalyst particles. Since even in our top-growth process CNTs could grow to
significant lengths up to at least 30 um on substrate, either big spatial separation or encapsulation
in insulating materials is necessary. Because insulating materials almost always contain defects and
two-level systems, the device performance, e.g. the lifetime of sensitive quantum states like qubits,
can be negatively affected by this. The addition of an insulating layer also makes fabrication more
complex as electrically contacting parts of the circuit is now more complicated.

Another part worth mentioning is that after the growth it is unclear what the growth yielded and the
devices first need to be examined (cf. section 3.3.3). Thus, additional work is required where every
individual junction needs to be tested in order to determine its quality and usability for experiments.
Even though every individual junction is quick to precharacterise in terms of electronic transport
properties, measuring hundreds is still time consuming. This characterisation is, for us, impossible to
do in a clean environment without breaking the vacuum/inert gas atmosphere at some point after the
growth resulting in unavoidable contamination of the devices.

While there are definitely some drawbacks to the top-growth techniques it also provides a few benefits.
The biggest selling argument is that without additional effort, the contact resistance between CNT and
metal is reliably quite low which, until recently, was not the case for other techniques like the stamping
technique [57] discussed in section 3.3.4. This opens a broad range of experiments and physics [19, 26,
97, 175-177] as was shown in the past and in measurements shown in chapter 5.3.

Since the CNT growth is the last step in the nanofabrication it was considered to be "ultra-clean"
[19, 178] in the past. By now a competing, reliable fabrication approach is established, our stamping
approach, but the absence of additional fabrication steps afterwards, especially of lithographies, still
greatly increases the cleanliness compared to top-down fabricated devices.

As the requirements on circuit geometry are not too strong and space consuming, it is easy to mass
fabricate devices of this kind thereby compensating the non-deterministic nature of the process. If
it is possible to fabricate hundreds of devices simultaneously even a yield rate of 5-10 % provides

enough devices for plenty of measurements. As a consequence the throughput of devices can be made
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quite large, so the time until a CNT-device with the desired properties after cooldown to cryogenic
temperatures can potentially be found faster than for other techniques where every device needs to be

designed by hand or requires lengthy treatment.

3.3.3 Room-temperature characterisation of top-growth devices

After fabricating top-growth devices for our desired experiments using the various techniques of
nanofabrication as just described, we first have to pre-sort them at ambient temperatures before
cooling them down in a mK-cryostat. This is quite apparent upon taking the statistical nature into
account, where many of the devices are either not connected at all or possess more than a single
CNT bridging the source and drain contacts. Cooling down a single chiplet with 48 devices would
require 132 dc-lines (60 gates + 72 Source/Drain) inside the cryostat as well as an extremely complex
and challenging microbonding pattern. Even when splitting this into reasonable numbers such as six
devices per cooldown, this approach is very inefficient in terms of time and money. Therefore, we
characterise the possible Source/Drain pairs in vacuum inside a probe station with the possibility to
cool down to 4K.

A photograph of the probestation we use is shown in figure 3.12. Here, four movable arms with triaxial
connectors and rf-fitted needles made of tungsten or copper-beryllium attached to them enable the
characterisation of individual Source/Drain pairs on the chip. The probing needles are located inside a
vacuum chamber with a pumping unit consisting of a membrane pump and a turbomolecular pump
able to reach pressures in the 10> mbar range.

To characterise a potential CNT connecting source and drain, the possibly most important parameter is
the electric resistance. Since the resistance of the leads is negligible compared to the intrinsic resistance
of the CNT plus the contact resistances at the CNT-metal interfaces, the measured resistance can
be directly attributed to the latter contributions. Because a single carbon nanotube possesses four
conduction channels, the maximum conductivity G is given by G = 2G, (two valley channels, G, takes
two spin-states into account), where G, is the quantum of conductance defined as G, = 2e?/h =77.5uS
and is therefore G = 2Gy =145 S or a minimum resistance of 6.9 kQ. This means that every resistance
with a lower value than ﬁ can not be caused only by a single CNT but rather by either a bundle
of CNTs or some on chip contamination like metallic dust and flakes, catalyst particles etc. At the
same time, sections that show a high resistance of R >200kQ can be excluded as well, since this
means that the coupling to the metallic leads is rather bad which limits the spectrum of performable
experiments at cryogenic temperatures, since the resistance of these badly connected devices also
more often diverges towards low temperatures [99].

If the resistance (or conductance) was neither too high nor too low , i.e. in the range between 15-100 kQ,
we measured the gate-dependence of the conductance using one of the five local gates. From the
gate dependence we can infer even more properties of the device under test. Our procedure involved
performing a lock-in measurement at a rather low frequency of about 91 Hz (we always tried to
avoid multiples of 50 Hz and other commonly used frequencies) at 0V applied dc-bias voltage Viq and
sweeping the applied gate voltage V; in a range of a few volts symmetrically around 0 V. Figure 3.13

shows a compilation of gate dependences measured for different devices.
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Figure 3.12: Photographs of the probestation used for room temperature characterisation of
the top-growth devices. a) shows a full overview of the setup including the four movable
needles (I), the camera (II) and screen(Ill) as well as our real-time measurement setup (IV).
In b) a top-down photography of the samples and the four needles is shown. Navigation
on the millimetre scale by eye is possible, for small movements the camera with tunable

magnification and focus are needed.
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Figure 3.13: Compilation of the gate-voltage ("Vg") dependent conductance for three different
CNTs. a) p-doped behaviour with larger conductance on the hole side G+ than on the
electron side G,-. b) strong observable hysteresis between up- and downsweep of the
gate voltage which indicates contamination. ¢) small bandgap CNT showing an ambipolar

"v-shaped" gate-voltage dependence as well as little hysteresis.

An ideal, pure CNT shows ambipolar conduction behaviour [179] which is expressed in a symmetric
behaviour for positive and negative gate-voltages. However, for real devices often a unipolar p-type
conduction behaviour is measured (fig.3.13a)). This behaviour of a "polar” tube has been attributed to
H,0/0-redox couples that can lead to a strong suppression of the n-branch of conduction [179, 180]
for non-suspended CNTs. Since the pure sp?-hybridised surface of the CNTs is hydrophobic similar to
graphene [181], clean and suspended CNTs should not express a unipolar behaviour but rather keep
their intrinsic ambipolar conduction. Very generally, various adsorbates can influence the r-electrons
responsible for electric conduction along the CNT axis and therefore polarise the conductance. Thus,
devices that show a strong polarity at room temperature are not used for later experiments.
While no change of conductance with an applied gate voltage may also be considered to be ambipolar,
devices that show no gate dependence were also ruled out since their origin can not be determined.
This can occur, if the CNT is a metallic nanotube (i.e. n = m in terms of CNT indices) with zero gap, if
the gate electrode is not functional due to an interruption or if the device under test is not a CNT but
rather something else like a metal flake.
Another indication of cleanliness can be accessed by measuring a trace and retrace of the gate-voltage
dependence. Ideally, trace and retrace show the same behaviour and no hysteresis occurs. Due to
adsorbates and dielectrics in the proximity of the CNT it is however possible to obtain hysteresis
between upwards and downwards sweeps of the gate voltage as a result of charging effects. Close-by

dielectrics that could cause a charge transfer from the CNT to the dielectric can be neglected for
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suspended CNTs but hysteresis may still be explained with adsorbates that may polarise as well and
screen parts of the applied field imhomogeneously from the CNT. Since we want the CNTs to be as
clean as possible, for both electric and mechanical properties, CNTs that show a large hysteresis (fig.
3.13b)) are neglected.

If a device shows a symmetric and non-hysteretic "v-shape" behaviour with a dip in conductance
(fig.3.13¢)) that is sufficiently large we consider this a well connected and clean single CNT with
a small bandgap which is what we are aiming for. If the gate-dependence expresses a "W-shaped"
gate-dependence, i.e. two dips in conductance, a single CNT is not sufficient to explain the dependence
and we assume to have at least two CNTs in the same junction. These devices are ruled out as well,
since two tubes in parallel will result in much more complicated behaviour and interpretation of data

for measurements at low temperatures.

3.3.4 The stamping technique

In contrast to the top-growth technique, when using the stamping technique the metal circuit is never
exposed to the CNT growth conditions. As mentioned before, this increases the flexibility in terms of
material choice, since no harmful effect of the CVD process is to be expected. However, the CNTs still
need to be created and for this technique they are grown on a separate chip. This silicon-chip with a
3x4 mm? footprint is fabricated by micromotive Mikrotechnik® using a patented fabrication recipe and
has an elevated flat part that ends in an array of cantilevers. Each cantilever has a length of 500 um and
a width of 30 pm. The spacing between individual cantilevers is 30 pm as well. The catalyst solution
application onto this chip happens globally, so there are no lithographically defined areas, which
simplifies the process since no lift-off is required. The application technique itself does not vary when
compared to the top-growth. The growth parameters for this technique can be tuned more flexibly
since there is no damage to functional structures to be expected. Thus, high temperatures are not an
issue of their own. The parameter that qualifies growth conditions to be good or bad is the number of,
ideally single-wall, CNTs close to the tip of the cantilevers that connect two neighbouring cantilevers
in an approximately straight line. If there is another CNT in close proximity to the one that is supposed
to be transferred it can become challenging to avoid transferring this one as well and creating a parallel
circuit of CNTs. An overview image composition of a cantilever chip after CVD-growth is shown in
figure 3.14

After the growth is finished and the cantilever chip is thermalised back to room temperature, it is
transferred in a portable loadlock built by our mechanical workshop and transferred into a dedicated
scanning electron microscope (SEM). The work of designing and assembling the vacuum transfer of
the cantilever chip into the SEM and vacuum transfer of the finished sample from the SEM into our
cryostat was performed by Dr. Tino Cubaynes’. Inside the SEM the cantilever chip can be manipulated
by piezomotors with a precision down to +£10 nm. The five piezomotors used allow for movement in
three spatial axes, and rotation by two angles: One angle that allows to lower the cantilevers with

respect to the bulk of the chip and one angle rotating around the normal vector of the cantilever

8 Micromotive GmbH, Carl Zeiss Str. 18-20,55129 Mainz
% Institute for Quantum Materials and Technologies, KIT, Karlsruhe, Germany
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Figure 3.14: Scanning electron microscope (SEM) image of a cantilever chip after the growth
process. Typically, only the topmost 50 pm are observed to spot the CNTs. The bottom

inserts show CNTs suited for stamping and their respective position on the chip.

surface. The stack of piezomotors in the end allowed for a positioning accuracy of +200 nm. Smaller
values are feasible if a more sophisticated layout and approach are chosen.

The metal circuit chip is prepared by being glued to the sample-PCB (printed circuit board), mi-
crobonded and Ar-sputter cleaned using a Kaufman ion-gun before being transferred into the SEM.
Inside the SEM the sample stage can be moved to the target position such that a transfer of the sample
PCB from an attached loadlock is possible. Since it is possible to observe the sample inside the SEM
using its given imaging features, potential shorts and disconnected lines can be detected by monitoring
the contrast when applying a dc-voltage to the individual lines, since the static electric field affects the
emitted secondary electrons that the SEM detects. If a bias of a few Volts does not lead to a change of
contrast, typically a line is interrupted at some point.

For the actual stamping procedure itself where the CNT is placed on the metal circuit, the cantilevers
are first aligned with the etched trenches of the chip so that they can be lowered into the created
cavity. A photography of the inside of the SEM in the stamping configuration in the beginning of the
approach of the cantilever chip towards the sample is presented in figure 3.15. While the cantilever chip
is lowered onto the sample chip with a finite angle, a bias of a few Volts is applied between inner and
outer electrodes to detect when the CNT is in contact with the electrodes. Once contact is established,
a high current (often > 10 pA) is driven between the outermost and second outermost electrode on
each side such that the CNT is cut. A high current inside the CNT leads to a strong heating resulting
in a cut [59, 182]. After the CNT is cut there is no longer a connection of the central sections with the

electric circuit of interest to the cantilever chip which therefore can be safely retracted without the
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Figure 3.15: Photography of the interior of the SEM in the Stamping configuration. The five
piezomotors enable a lateral movement in three dimensions and a rotation by two angles.

Since the setup is located below the e-beam column imaging is possible simultaneously.

risk of removing the CNT again. At this point, the resistance between metal electrodes and CNT is

still rather large and annealing methods that reduce it are required to increase the device quality.

Room-temperature preparation of stamping-devices

In this section the room-temperature treatment of CNT-devices created with the stamping technique
will be presented. Here, the measures taken to ensure a high quality contact while maintaining a clean
sample are introduced. The techniques presented can be found in more detail in [57].

Analogously to devices created with the top-growth procedure we aim for a low resistance, gate tunable
single CNT that is suspended between two electrodes. However, the device resistance for stamped
CNTs was mostly found to be in the order of 100 kQ and more [59, 183, 184], while for devices created
with a top-growth procedure or with electrodes evaporated onto the CNT much lower resistances
could be observed [26, 162, 185]. At the same time, this high resistance also impedes superconductivity,
as it is a coherent process that requires low barriers [185]. Therefore, it is intuitively clear that dirt
and insulators which can lead to the formation of a barrier should be avoided as much as possible.
As mentioned, we used palladium as the interface material due to its potentially low barrier to CNTs
and because superconductivity in a CNT contacted by palladium (in a top-down process) has been
shown in the past [24, 186]. However, palladium builds an oxygen rich layer at its surface in adsorption
and oxidation processes at different timescales [187], which limits the quality of the contact. These
processes are not an issue in a top-down fabrication as the contacting part of the palladium is buried
and nicely envelops the CNT. In order to remove this contaminated layer we used a Kaufman-ion gun
to sputter the uppermost 5-10 nm of the palladium using argon atoms. Starting from this point, the
faster adsorption processes happen on the timescale of seconds and can hardly be avoided. We do the

argon milling after microbonding the sample and the total air exposure time is in the order of few
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minutes. Especially the oxidation of palladium takes hours [187]. For this purpose a special sample
holder was built that avoids sputtering the aluminium bond wires which would be detrimental for
the sample. This pre-treatment of the sample already led to a significant contact improvement (i.e.
lowering) of the contact resistance [57].

The transferring procedure of the cantilever chip with the CNTs into the SEM has been described in
3.3.4 as well as the general procedure of transferring the CNT onto the chip inside the SEM. Once the
CNT was transferred onto the sample-chip we apply a two-stage annealing process.

In the first stage, a high current in the range of a few pA is driven through the CNT. Since the CNT
is resistive the current induces heating where the parts with the highest resistance are heated the
most. Since this, in our case, is the non-improved contact to the metal electrode, the heating is the
strongest in the proximity of this interface. Since a (too) high current through a CNT results in its
destruction, typically a resistor of >100kQ is put in series to the CNT to implement a threshold
value for the current that supposedly does not cut a defect-free CNT upon reduction of the resistance.
During this annealing abrupt current changes can be observed which might be explained by discrete
events such as desorption of molecules or atomic rearrangement in the vicinity of the CNT-metal
interface [57]. Besides decreasing the observed resistance, current annealing also led to a decrease of a
plateau occurring in an I-V-curve at 0V bias. This regime of reduced conductance can be explained by
a potential barrier which could be caused by adsorbates between CNT and metal that may get removed
during local heating. Since almost all measurements inside the cryostat and at mK-temperatures are
performed at a bias voltage close to 0V (as 1 meV corresponds to #11.6 K), ohmic behaviour for low
bias voltages is highly desired.

In the second stage, a halogen lamp is used to globally heat the full sample-chip. Due to the manoeuvra-
bility of the stage inside the SEM we are able to position the sample right below the halogen lamp with
a distance of about 5 mm. During the parameter-testing phase we found that it is very much within
reach to melt aluminium bonds connecting the sample PCB (Printed Circuit Board) to the sample chip,
indicating that the temperatures reached surpassed the melting point of aluminium (= 670 °C). The
parameters we used for the annealing later on involved a power that was only one third at maximum of
the power used to melt the aluminium bond wires. Therefore, we expected the occurring temperatures
to be well below 400 °C which is well below the melting point of all the metals used. Additionally,
the used halogen lamp is shielded at every side but the one facing towards the sample to reduce the
heating of the SEM chamber and the electron optics in particular. We split the actual radiative thermal
annealing procedure into two parts with different power (~ 5.5W in step 1, * 11 W in step 2) and
applied each for 30-60 min. In contrast to the current annealing step, the conductance change was
more continuous until reaching a plateau. We tested different metal stacks with the general principle
of Ti-M-Pd (M = (AL Nb, Mo, Ti, Pd)) and found that this annealing works better for metals with a
lower thermal conductance and higher melting point (i.e. Nb and Mo). This could possibly be explained
with the less efficient heat transfer away from the CNT-chip which might facilitate annealing effects
at the CNT-metal interface.

The combination of the three presented techniques allowed us to reliably fabricate clean CNT-devices
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with a rather low contact resistance down to = 30 kQ enabling us to explore a broader range of physical

phenomena than previously accessible via the stamping approach.

3.4 Single-molecule magnet deposition

As the very last step of fabrication we want to functionalise the carbon nanotube by attaching a
single-molecule magnet (SMM) to it. The obvious main criterion for this functionalisation is that both
the SMM as well as the CNT-circuit need to be intact and maintain their properties. In the past, the
deposition often has been done by dropcasting [99] a solution of single-molecule magnets dissolved
in dichloromethane onto the chip with integrated carbon nanotubes. The sample was later rinsed in
other solvents to remove weakly connected SMMs. This approach, however, inherently requires to
eventually also remove the solvent again. If the solution simply would be blown away using nitrogen
or evaporated by heating, the surface tension of the solution and occurring capillary forces will rip off
the carbon nanotube or tear it apart [99]. Thus, a technique where no phase transition occurs has been
used. For this so called ’supercritical point drying’, the sample is placed in a temperature controllable
pressure chamber and the solvent is replaced by liquid CO,. Then the temperature is raised to bring
the CO; into a supercritical phase followed by a transition into the vapour phase by reducing the
pressure. This way the vapour-liquid phase transition is avoided and the CNT can sustain the drying
process.

For our applications however, where we particularly care about the cleanliness of the devices, the
supercritical point drying technique is a strong source of contamination that we want to avoid. In order
to do so, we use thermal evaporation in a high vacuum chamber (photography and schematic in figure
3.16 with p ~ 107° mbar) similarly to what has been used for STM and STS studies on film growth
as well as structural and electrical properties [188-190] and to a previous attempt in our research
group [173]. It was found that the previously introduced TbPc; tends to attach to the surface via
van-der-Waals forces with the phthalocyanine planes parallel to the surface. If the film grows thicker,
the angle between the phthalocyanine plane and the surface changes and approaches 90° indicating a
strong surface influence [191]. Due to the for us desirable properties of TbPc; of a large anisotropy, an
isolated spin and a potentially strong orbital overlap with a CNT due to the sp? hybridised surface
we also decided to use TbPc, for our purposes. To perform the thermal evaporation of TbPc, without
exposing our samples to air, we remodeled a pre-existing evaporation chamber that has been used
for STM-sample preparation. A picture of the setup is shown in figure 3.16. The vacuum chamber is
pumped by a mobile pump unit consisting of a dry scroll pump and a turbomolecular pump yielding a
base pressure in the 107 mbar range. The pressure inside the chamber is determined by using a hot
cathode vacuummeter measuring a pressure dependent ion current created by ionising atoms in the gas
by electrons emitted from a cathode. We attached an additional airlock on one side of the evaporation
chamber allowing us to perform a vacuum transfer of samples. We designed it to be compatible with
the transfer arm used for the stamping technique (section 3.3.4) allowing for a clean and easy way to
evaporate SMMs. The transfer arm can also host other sample PCBs allowing other group members

to use this setup as well. The evaporation unit itself is placed with a 45° angle with respect to the
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Figure 3.16: Schematic and photography of the evaporation system used for the evaporation
of single-molecule magnets. The SMMs are sublimated from a powder stock in an
evaporation cell with a 45° angle. The sample is located on the transfer arm that can
be moved along the transfer axis. The evaporation rate can be calibrated by using an
oscillating quartz which can be moved to the evaporation position. The pressure inside

the chamber is monitored by a hot cathode gauge.
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Figure 3.17: Calibration of the TbPc, evaporation rate. Plotted is the thickness measured with
an oscillating quartz after 300 seconds of evaporation against the set temperature at the
crucible after few minutes of thermalisation. The rate can be determined by dividing total

thickness by the evaporation time.

sample manipulation axis. It contains three separate pockets that can be heated individually and is
water cooled. A shutter is mounted on top of it to screen the chamber from the crucibles and vice
versa. In a typical evaporation, while the sample is still outside of the chamber, a degassing step is
performed at temperatures well below the sublimation point of the SMMs with an open shutter to
avoid later contamination and pressure spikes. An oscillating quartz can be moved into the deposition
position that will later be used for the sample in evaporation processes and thus allows a calibration of
the evaporation rate for various temperatures. Since the desired amount of SMMs on the sample is
quite low, because a single one attached to the CNT is the ideal case, a high evaporation rate is not
desirable. A high rate would require very short shutter opening times resulting in large fluctuations
as the shutter screening the sample from the evaporation crucible is manipulated by hand. Thus, we
aimed for very low evaporation rates which also means that the oscillating quartz mostly shows a rate
of zero. In order to compensate for this we evaporated for five minutes at different temperatures and
measured the total thickness with the quartz to get an evaporation rate calibration (see figure 3.17).
We tried to verify the thicknesses using an atomic force microscope (AFM) but could not receive a
clear answer. In non-contact mode it was hard to find a clear step that is needed to identify changes
in the sub-nm vertical range while in contact mode the AFM tip moved the weakly bound SMMs
across the surface resulting in strong agglomerations (figure 3.18) making a precise and local thickness
determination non-feasible.

To verify the structural integrity after evaporation we performed Raman spectroscopy on different
samples with molecules evaporated onto them. An exemplary set of data is presented in figure 3.19.
When comparing to a detailed Raman-study of (bis)phthalocyanine-lanthanides [192], many of the
prominent peaks could be identified such as the G-Band/benzene stretching at 1600 cm™, a C=N (aza)

stretching mode at 1525 cm™ and several more. However, not all peaks have a perfectly matching
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Figure 3.18: Atomic force microscope image of an area with deposited molecules previously
scanned in contact mode. A square with very few particles is nicely visible with ag-

glomerations at the edges.

counterpart in literature but deviate by up to 20 cm™!. In previous Raman-studies [173] a similar
behaviour, but deviations at slightly different positions were observed. The deviations could either be
caused by chemical degradation in the powder as a result of the heating in the crucible, some damage
taken during the deposition (i.e. broken molecules) or the differing strain conditions in thin film on
a SiOy surface compared to grains of a single crystal. The chemical integrity of the powder remains

were later confirmed by S. Klyatskaya®, indicating that overheating in the crucible did not occur.
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Figure 3.19: Comparison of normalised Raman spectra of a blank Si/SiO; chip and a thin film

of thermally evaporated TbPc; on a Si/SiO; sample. The counts were normalised with

respect to the main Si-peak. Several additional peaks occur in the TbPc;-spectrum that

can be attributed to various modes of the organic ligands indicating a still intact chemical

structure.
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4 Cryogenic experimental Setup

Within this chapter, an overview of our setup as well as some of the used experimental techniques is
provided. Overall, this chapter is divided in two major parts. The first part of this chapter describes
the cryogenic measurement setup with a home-built Sionludi cryostat achieving temperatures down
to 30 mK (sections 4.1 - 4.4). The second section of this chapter describes the different measurement

techniques and principles at our disposal inside the cryostat (section 4.5).

4.1 Modified Sionludi cryostat for fast sample exchange

In order to measure many phenomena in quantum physics a clean environment with few disturbances
is needed. One major disturbance for many systems are thermal excitations that incoherently drive
the studied system and limit the applicability of various measurement schemes. More generally,
temperature also smears out energy resolution decreasing the sharpness of studied features. In order
to reach the quantum regime and to coherently control single electrons, phonons, photons etc., it is
beneficial to reduce the influence of thermal excitations. Therefore, it is common to cool down devices
under test to the minimum feasible temperature, which in our case is about of 30 mK.

To cool down our devices we use a Sionludi (inversed sillable order of Di-lu-sion) *He/*He dilution
refrigerator which was developed at Neel Institute in Grenoble by Alain Benoit and coworkers for the
Planck satellite project [99]. In this project, it was used to cool down the two microwave-frequency
detectors to decrease the noise. One requirement for this application was to build the system in a way
that works in a zero gravity environment which in the end led to the inverse design (i.e. the cold part
is on the top whereas for most other cryostats it is at the very bottom) used in the Sionludi-cryostat
today. A detailed description of features and working principle of the current generation Sionludis can
be found in [193].

The following description of cooling methods follows [194]. To reach temperatures of 4 K liquid *He
(IHe) can be used as a cooling agent, since its boiling point at ambient pressure is about 4.2 K. When
part of the IHe evaporates, the enthalpy of evaporation is taken from the remaining liquid thereby
cooling it. The temperature can be decreased further by pumping on the liquid until the equilibrium
of vapour pressure and achieved pressure is reached again. Using a turbomolecular pump pressures
below 1 X 107% mbar can be achieved which corresponds to a temperature of the IHe below 1.5K.
Using the same argument, the temperature can be decreased even further by using a cooling agent
with a higher vapour pressure, which is liquid *He. Upon pumping on liquid *He, temperatures of
about 300 mK can be achieved. In order to reach temperatures below this, a different type of cooling

technique must to be used. Historically, a Pomeranchuk cell was used to reach temperatures down to
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Figure 4.1: Phase diagram of *He and *He in the liquid phase for temperatures below ~ 2 K.
For very low *He-concentrations or higher temperatures a Fermi liquid of *He in superfluid
*He occurs. For higher He concentrations past the lambda transition a mixture of normal
fluids forms. For low temperatures and *He concentrations >6.5 % (the grey shaded area) a

separation of two phases occurs that are not miscible. Figure reproduced from [194]

~1mK [194] which used the fact that the entropy of solid *He can be larger than the one of liquid *He
[195] dominated by the spin. Interestingly, an analogous effect has been observed in twisted bilayer
graphene for electrons when nearly filling a Moiré unit cell with one electron [196]. By solidifying *He
by adiabatically applying pressure to a liquid/solid *He mixture the temperature of the system can be
reduced. However, the implementation of this scheme is technically quite difficult as it requires moving
pieces for a continuous operation. In order to continuously cool down to temperatures in the low mK
regime a *He/*He dilution cryostat makes use of the occurring phase separation in *He/*He-mixtures
(fig. 4.1) at temperatures below 850 mK and *He concentrations above 6.5 %. In these conditions, a
separation of a *He-rich phase with a certain percentage of *He and a phase of almost pure *He is
energetically beneficial. Due to the lower zero point energy of “‘He compared to *He, >He atoms are
stronger bound to “He than to other *He atoms. In addition, the kinetic energy of *He increases with
the number density since it follows Fermi statistics, which reduces the resulting binding energy. As
a consequence, the binding energy approaches zero when a certain, temperature dependent, SHe-
concentration in “He is reached (see phase barrier in figure 4.1) creating two separate phases as the
energetically preferred state. The cooling power is again a result of entropy changes: The *He atoms
in the pure *He-phase possess a low entropy compared to the *He atoms dissolved in the superfluid

*He-rich phase. Therefore, when *He atoms enter the *He-rich phase an energy AQ = TAS = aT? with
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o =—84JK ! mol~! [194] is provided by the environment. By removing *He-atoms from the *He-rich
phase (e.g. by pumping, because the vapour pressure of *He is higher by several orders of magnitude),
a continuous cooling power can be achieved.

In the Sionludi-cryostat the two-phases of *He/*He-mixture coexist in the mixing chamber. Here,
the solution of *He in *He takes place and the mixing chamber is therefore the coldest element in
the cryostat. A schematic overview of the cryostat can be seen in figure 4.2. The *He-rich phase is
connected to the so called still, where *He is evaporated at elevated temperatures of 700-800 mK by
pumping on the liquid with a turbomolecular pump, via a counterflow heat exchanger that is also used
to cool down gaseous *He that is reintroduced into the mixing chamber to compensate for evaporated
3He-atoms. Before being reintroduced, the *He is cleaned in a liquid N, cold-trap, pre-cooled by a first
counterflow heat exchanger and H,-filtered in a charcoal filter at temperatures below the liquefaction
temperature of H; inside the cryostat. The cooling agent of the first heat exchanger is “He that is
provided by an outside vessel with 100 L of IHe located next to the cryostat and typically lasts about
six days. The He is also used to cool down the system from ambient temperature. A small pot (4K-pot)
connected to the 4K stage can collect some [He and serves as a buffer.

The Sionludi has two main advantages over many other cryostats: Firstly, its tabletop design makes it
easily accessible and the small dimensions result in rather lightweight components. Secondly, as a
consequence of the lightweight design and well desgined heat-exchangers, typical cooldown times
for us are in the order of 3 h which is well below the average of other systems. Systems with less
components inside can achieve 100 mK in about half the time. When looking at the cross section of
the two heat exchangers (figure 4.2), it is nicely visible that the diameter for the fast-injection line
is much larger than for the regular injection line. This allows for a larger flow during the cooldown
speeding up the process. The fast injection line is well thermalised to the turbo condenser which
serves as a small pot with IHe that has a pump connected to it, i.e. it has a temeprature of about 1.5K.
This way, the mixture in the fast injection line is efficiently precooled and the condensation process
facilitated which reduces the cooldown time. Further facilitation of the condensation is achieved by
using a compressor to pressurise the mixture hence facilitating the condensation. During normal
operation, the fast-injection line is closed and mixture may only enter the mixing chamber via the

regular injection line and the heat exchanger connecting mixing chamber and still.

4.1.1 Top-load system for quick sample exchange

The cryostat used for our measurements possesses the peculiarity of being suited for loading a sample
into the cryostat while the latter is already cooled down to cryogenic temperatures. In order to do so,
all thermal radiation shields need to have an opening that can be sealed and reopened upon demand.
The challenging part from an engineering point of view was to design the shields in a way that they
are still nicely shielding radiation when closed, being movable by manipulation from the outside (since
there is not much space and no fixation points to put any motors and cables) and to be readable from
the outside i.e. it can be checked whether they are open or closed without disturbing them. This was

solved by attaching a small magnet on a movable lid on top of the screens with the magnet of the
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Figure 4.2: Schematic drawing of the Sionludi cryostat used within this thesis. The six different
temperature stages, the heat exchanger as well as their cross section and the elevated
experimental stage thermalised to the mixing chamber plate are shown. Adapted from
[197].
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20K screen being on the opposite side of the 4K and 100K screen due to space constraints and to
decrease the interaction between the magnets. Their respective position can easily be measured from
the outside using any commercial magnetic field probe or even a smartphone application. The magnets
can be manipulated by sliding a permanent magnet along the outermost thermal/vacuum shield. The
latter has a loadlock attached to its top (see fig. 4.3a) which we use to transfer the samples into and out
of the cryostat while maintaining vacuum conditions for the sample and avoiding too much absorption
of gases into the fridge. The same transfer arm that we use to transfer samples into the SEM or the
molecule evaporation unit is used for the transfer into the fridge as well. Since there are only two
degrees of freedom (rotation and movement along the transfer axis), the cable connections need to be
designed in a way that all connections are established in a single plugging motion, rendering connector
types such as SMA impractical. How this interfacing is done is described in section 4.2.

As a result of the top loading, however, it was necessary to build an elevated experimental stage (ref.
fig.4.2) which can receive the sample from the top and is thermalised to the mixing chamber stage in
order to combine the sample with the 3D-vectormagnet (section 4.1.2). This results in a more complex
and unorthodox layering of temperatures which requires particular care upon closing the cryostat and
we achieved temperatures between 30-40 mK during experiments.

When transferring the sample into the cryostat, the circulation of mixture needs to be stopped during
the transfer since the insertion of the sample holder, which is still at ambient temperatures at this point,
introduces a large amount of heat into the system which cannot be instantly compensated. Hence,
the mixture will evaporate and is stored in the tank for the duration of the transfer. If done well and
quick, temperatures at the mixing chamber stage do not exceed ~ 40 K. After removal of the transfer
arm and closing of the shields, the cooldown can be restarted and the cryostat typically reaches its
base temperature after 45-60 min, which is faster than a full warm-up and cooldown by a factor of

four while still maintaining clean conditions.

4.1.2 3D-vector magnet

Since we want to do experiments using magnetic fields with different angles we used coils to build a
3D-electromagnet (see fig. 4.3b). A pair of Helmholtz coils is used for one in-plane (x-direction) and
the out-of-plane direction (y-direction) and a cylindrical coil in-between the Helmholtz coils creates
the second in-plane direction (z-direction) which is typically along the CNT-axis. The cables for the
coils consist of thin threads of superconducting Nb-Ti, that connect to high-T. cables which finally
connect to copper cables that lead to the outside of the cryostat. The coils are thermalised at the 4K
stage to be superconducting but to not warm up the sample stage too much in case of quenching, i.e.
breakdown of superconductivity, which provides a significant heat input due to the finite resistance.
The coils can sustain currents up to 8 A before superconductivity breaks down. An overview of the
values of the approximate magnetic field strength and the maximum sustained current is given in table

4.1. The current for the coils is provided by GS-Cs 4/10! current sources where the output current is

1 Manufactured by Prof. Georg Schmidt, Martin-Luther-Universitit Halle-Wittenberg
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(a) Photography of the cryostat with attached (b) Top-down photography of the 3D vector-magnet in-
loadlock. side our cryostat.

Figure 4.3: Photographs of two aspects of the cryostat used for the experiments. a) Photography
of the Sionludi cryostat (blue) with the portable loadlock or transfer arm (red) connected to
the outermost shield with loadlock (green). b) Photography of the 3D vector-magnet used
to apply magnetic fields. The coils are thermalised to the 4K stage via three copper beams
while the sample is loaded from the top inside the cylindrical coil without touching to avoid

a thermal short. The three vertical copper rods are used to fix the elevated experimental

stage.
Maximum field
Field direction Current to field ratio
strength
X-coil 52mTA™! 395mT
Y-coil 30mTA™! 240 mT
Z-coil 188 mT A™! 1600 mT

Table 4.1: Overview of the individual coils used for the 3D-vector magnet. The values for the
magnetic field strength are the result of simulations. The maximum field is determined by

determining the maximum current before quenching occurs.
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tunable by a DC input voltage. The current sources feature a quench protection to protect the cryostat

from the worst heat spikes.

4.2 Sample holder, cabling and filtering

In this section, the sample holder with the sample PCB will be introduced. Since the sample holder is
loaded into the cryostat using the top-load process described in section 4.1.1, the sample holder needs
to fulfil special requirements discussed in the following.

In general, we have two types of electric lines inside the cryostat and on the sample PCB: lines for
direct current or current with low frequencies (dc-lines) and lines that are suited for high frequencies
(rf-lines). Our sample PCB features 24 dc-lines as well as three 50 Q matched rf-lines (figure 4.4c)
designed as coplanar waveguides made of gold-coated copper. The rf-lines’ end on the PCB is located
right between the sample and the end of half the DC lines and is suited for microbonding. The 24
dc-lines are equipped with an RC-filter with a time constant 7 = RC of either 1 ps or 100 ps. Half
the dc lines are guided in a lower layer of the PCB and resurface after passing the sample’s location
such that 12 dc-lines suited for microbonding face the sample on both sides. The sample can be glued
(e.g. with PMMA) on a cut out part with a metalised bottom towards the tip of the PCB. Using our
3D-microbonder® we could connect all the lines nicely to the bondpads patterned on the sample chip

with a 25 ym aluminium wire.

Bias-Tee

In later generations of the sample PCB we introduced two on-chip bias-tees allowing us to put both rf-
and dc-signals on one line on the sample. In order to do so, a capacitor is put in-line on the rf-line
effectively blocking all dc-components to protect the rf-source. To reduce leakage of the rf-signal into
the dc-line a simple resistor is added in-line that attenuates the rf-signal sufficiently. Generally, an
inductor could replace the resistor due to its generally large impedance at high frequencies and low
dc-resistance but we found in simulations that the resulting pulse shape on the sample, especially for
square pulses, deviates strongly from the one sent in and that a compensation for this deviation is

a fair bit trickier than for a simple resistor. Also, every inductor possesses a self-resonance due to
parasitic capacitance which further comlicates compensation and usage range. Even for a resistor,
when sending a square pulse via the rf-line the capacitor will charge and discharge via the resistor (see
figure 4.5) hence modifying the shape of the square or in an extreme case reduce the voltage amplitude
at the sample to 0 V with a time constant r = RC.

To connect the PCB to the exterior, three SMP connectors as well as two sets of PCI connectors are
included in the PCB. A short coaxial cable with one plug fixed at the copper sample holder (see fig.
4.4a) is used to connect the exterior with the SMP plugs on the PCB. The PCI plugs consist of two
redundant sets of 24 individual lines each. The front set (pointing towards the sample) is used inside

the SEM and inside the cryostat to connect to the sample, while the back set is mainly used inside

2 WestBond Inc., Anaheim, Ca92806, USA
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(a) The SMP-connectors lead to the rf-connectors on (b) Photography of a partially disassembled sample
the sample PCB. The banana plugs are used for me- holder. The connecting cables between sample
chanical fixation, grounding and thermalisation. holder and PCB as well as the copper rods sta-
The visible PCI connectors are highlighted in c). bilising the barrel are now visible.

(c) Highlighted photography of the sample PCB used for most measurements. Highlighted in red is the position
where the sample chip is glued, right next to the end of rf- and dc-lines. Highlighted in blue are the RC-filters
on the dc-lines. Highlighted in green are the SMP-connectors used to connect the rf-lines on the PCB to
outside rf-lines as well as an inline capacitor on the bottom two connections. Highlighted in yellow are
two sets (one on the left, one on the right) of PCI-connectors that are used to connect the dc-lines to their

counterpart inside the cryostat.

Figure 4.4: Compilation of Photographies of sample holder and PCB in different stages of

assembly.
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V(n009)

Signal at bias-T
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0.84ms 0.91ms 0.98ms 1.05ms 1.12ms 1.19ms 1.26ms 1.33ms 1.40ms 1.47ms

Figure 4.5: Simulated response of a bias-T to an applied square pulse. Plotted in red is the time
behaviour of a square pulse before being fed into the bias-T, plotted in green is the time
behaviour after the capacitor leading into the bias-T. The voltage signal is deviating from

the square shape due to a discharging of the capacitor via the resistive part of the bias-T.

the transfer arm to electrically short all sections and connect them to ground via a 500 kQ resistor
thereby reducing the risk of electrostatic discharges. The mentioned copper sample holder consists of a
copper barrel where the top and bottom lid contain the necessary electric and mechanical connections.
Copper rods on the inside used to fix the banana plugs on the top lid are increasing the mechanical
stability. The banana plugs themselves ensure a proper electric grounding and thermal connection
when the sample holder is plugged and also fix the sample holder in place preventing a bending of
the sensitive SMP plugs. The long arm of the PCB is sticking out of the sample holder by several cm

which allows the sample to still be located inside the 3D-vector magnet described in section 4.1.2.

4.3 Dc-cabling of the measurement setup

The 24 dc-lines on the PCB are ending on a male PCI connector while the female counterpart of the
PCI connector is located on another PCB on the mixing chamber stage. Starting from there, two cables
with 12 dc-lines each, corresponding to one plug, first pass another RC-filter stage before exiting the
fridge via a JAEGER-connector® at the bottom-side of the fridge (see figure 4.6). Inside the cryostat
the dc-lines are put into a narrow capillary of about 500 pm diameter to mechanically protect them.
To reduce thermal noise at the sample, the dc-lines are thermalised at the first filtering stage on the
mixing chamber plate via a PCB in a copper box so the thermal noise reaching the sample is in the
order of few tens of mK. On the outside part of the JAEGER-connector feedthrough, we installed
one breakout box with 24 BNC-ports making every line adressable individually. Each port features a

3 by HUMMEL AG, Lise-Meitner-Strafle 2, D-79211 Denzlingen
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three-position switch and we can either short the port to ground, connect it to ground via a 470 kQ

resistor or have it floating, i.e. a voltage/current can be applied.

4.4 Rf-cabling of the measurement setup

The rf-lines on the sample holder are ending in female SMP connectors. Their counter part of male
SMP connectors passes through a hole in the dc-PCB and end in SMA connectors. Starting from
here, superconducting coaxial Nb-Ti SMA-cables are used to carry the signal towards the output. A
schematic overview of the rf-cabling described in the following can be seen in figure 4.7. At 4K two
HEMT amplifiers®’are installed and thermalised. Before each cooldown we connect one of the two
depending on the desired frequency range. The first HEMT is suited for a range of 1-7 MHz, the second
one for a range of 0.3-14 GHz. On the output of the HEMT SMA cables lead to the feedthrough at the
bottom-side of the fridge. On the rf-input side, the signal is attenuated by 60 dB by three attenuators
located on 4K, 800 mK and the mixing chamber plate. The attenuators as well as the cables are well
thermalised by a thick copper/silver wire clamped to the fridge and glued to the cable with a compound
of silver powder mixed with epoxy glue. At higher temperatures, tin soldering was used instead of

gluing.

4.5 Electronic setup for cryogenic measurements

After introducing the cryostat and some of the inside components, this section introduces the experi-
mental design as well as the electronic equipment used for the different measurements. For the majority
of the measurements we performed transport measurements using a real-time dc measurement setup,
mainly for charge stability diagrams, or a quasi-static but more versatile dc setup, especially for the
combination of several devices like rf-sources, an AWG etc. During the last months of this thesis
another type of measurement setup suited for time-domain measurements was implemented and will

also be described here. The data acquisition was handled by different software environments which

will be described first.

4.5.1 Measurement software

The software framework traditionally used in our group to do real-time low-frequency measurements is
called nanogt and was developed in the past in Grenoble, mainly by Dr. Edgar Bonet-Orozco®. It is well
optimised for the work with ADwin Gold II’ real-time computer controlled data-acquisition system

(details on the equipment used in the experimental setup are presented in the next section). It already

6 Cryo Amp A5-1 by CRYOHEMT, 6 Boulevard Dubreuil, 91400 Orsay, France

7 LNF-LNC0.3_14A by Low Noise Factory, Nellickevigen 24, 412 63 Géteborg, Sweden
8 Institut Néel, CNRS UPR2940, 25 rue des Martyrs BP 166, 38042 Grenoble cedex 9

% Jager Computergesteuerte Messtechnik GmbH, Rheinstrafe 2-4, D-64653 Lorsch
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Figure 4.6: Schematic overview of the path of a hypothetical dc-signal. It is sent into the cryostat
via a switchbox and thermalised on various stages. On the mixig chamber stage it is
filtered by a commercial low-pass filter (LFCN-80+%, components unknown to the author,
representative circuit diagram, cut-off frequency 80 MHz) and the first stage of RC-low-pass-
filters (RC1) with R=1kQ and C=25nF. It then reaches the PCB and a second RC-filtering
stage with R=1kQ and C=15nF for bias-lines and R=100kQ and C=15 nF for gate lines.
Some lines additionally feature a bias-T with R=1kQ and C=1nF. On the output side, the
signal passes the same filtering stages in the inverse order before leaving the cryostat via
the switchbox. An I-V-converter amplifies the signal and converts it to a voltage. Both the

excitation as well as the readout were typically done by an ADWin®.

101



4 Cryogenic experimental Setup

Tank circuit Sample holder
— 25mK
- w =
— ——— 25mK

\—\—\—40mK

NbTi
\ —\ —\ === 100mK
\ T —‘ === 800mK
— i e e i — 4K
HEMT Thermalization
(Tin)

A P T—T—T—1—=1—1— 2«

A T =1=1— 10

1 2 3 4 5 6 7 8 REMI

Figure 4.7: Schematic drawing of the rf-cabling inside the fridge. The red/orange circles represent
thermalisation with points with tin/silver epoxy. The golden blocks on some stages represent
feedthrough connectors that also serve as additional thermalisation points. Depending on
the application, either of the two HEMT amplifiers can be connected. The small boxes with

a grey frame represent attenuators with the number inside giving the attenuation in dB.

contains plenty of functions in a custom JavaScript environment such as a LockIn-procedure. The real
time setup allows for measurements while sweeping one parameter resulting in fast acquisition times
while still measuring accurately. In addition it does some minor data post-treatment and filters outliers,
such as one-point spikes, that do not originate from the physical phenomena studied. The trade-off is
made in the form of complexity when trying to integrate new pieces of equipments and measurement
routines into this framework which is well possible but harder than for the python based software
framework.

The second measurement software is based on the gkit'® measurement framework developed here at
KIT, which provides an easy possibility to integrate electronic devices, perform logging and is generally
set up in a very modular way to give the user a lot of flexibility in designing their measurement scheme.
It is savespace friendly since it stores data in the .h5 format which requires way less space than e.g. a
.txt or .json file at the cost of being not human-readable. However, gkit provides a viewer to show and

tweak line plots and colour maps. The measurement frameworks we used inside gkit were developed by

10 ppen source - https://github.com/qkitgroup/qkit
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Julian Ferrero®. The first one basically iteratively conducts a predefined measurement routine for every
entry of a one-, two- or threedimensional array of measurement parameters defined in the beginning.
Since there are no requirements on the physical quantity (voltage, current, frequency, averages...) of
the array or how the specific measurement operation needs to look like, it is very flexible. The tradeoff
is speed since the system "stands still" while measuring and proceeds to the next datapoint only after
finishing the previous one which makes the acquisition of sweeps generally slower than a comparable
measurement performed with nanoqt. The ease of integration of different devices still make it very
attractive, hence all measurements where an rf-signal was applied were performed using gkit.

The two different measurement frameworks described previously are suited for dc-measurements
but are not suited when it comes to actual time-precise measurements. In order to perform time
domain measurements, a different measurement framework within gkit (again by Julian Ferrero) is
used which basically creates a measurement protocol of known time span given by a sampling rate and
a sequence of samples determining what is supposed to be happening. The sequence can be quite long,
meaning that several iterations of the same measurement or with variations of individual parameters
are possible. Since the full measurement routine is defined within one sequence, the difference in time
between each individual point is well known. The obvious choice for a suitable piece of equipment is
an Arbitrary waveform generator (AWG) that basically does exactly what the framework requires for
precise sample and equipment manipulation. Since the integration of different pieces of equipment is
similar to the first gkit-environment this framework is also flexible when it comes to the eqipment

used.

4.5.2 Electronic equipment

The real-time dc-measurement setup mainly uses the aforementioned ADwin Gold II'! real time
computer controlled data acquisition system. It is controlled by a lab-PC via an ethernet connection
and offers 8 analog outputs, 16 analog inputs, and several digital connections. The voltage range is =10 V
to 10 V with a resolution of 16 bit, i.e. 20 V/2!¢ =305 pV for output parts and 18-bit, i.e. 305 uV/4 =76 uV,
for input ports. The resolution is determined by the digital-analog converter and the analog-digital
converter, respectively. It also features a real-time processor which can be used for feedback loops
e.g. when measuring a p-SQUID [198]. Our standard measurement protocol consists of sweeping
(nanoqt) or stepping (gkit) a voltage on one of the analog outputs while at the same time measuring the
voltage on one of the inputs. After a successful sweep, another voltage can automatically be changed
before repeating the sweep hence creating a map. Since we mostly did transport measurements, an
applied voltage results in a current response of the CNT which we reconvert into a voltage using an
IV-converter'? with a gain between 10°> and 10° and very low noise. This amplifier can also be used
when performing lock-in detection which improves the signal-to-noise ratio (SNR).

We generated rf-signals using either a Keysight 5183B'® or a R&S 100SMA!“. Both signal generators

1 Jager Computergesteuerte Messtechnik GmbH, Rheinstrafie 2-4, D-64653 Lorsch

12 SP983C with LSK-input by Basel Precision Instruments GmbH, c/o Universitit Basel Physik Department, Klingelbergstrasse
82, 4056 Basel, Switzerland

13 German representation: Keysight Technologies Deutschland GmbH, Herrenberger Strale 130, D-71034 Béblingen

14 Rohde & Schwarz GmbH & Co. KG, Miihldorfstrale 15,D-81671 Munich

103



4 Cryogenic experimental Setup

offer the possibility to perform frequency and pulse modulations which enable various measurement
schemes. The R&S signal generator additionally offers the possibility to change frequencies within
a certain window without changing the phase of the signal which might be very interesting when
measuring bistable mechanical resonances.

As an AWG we used a ZLHDAWG4™ for this purpose. Since the readout is ideally also precise in time, we
use a dual-channel digitizer (ADQ14AC-2X'®) with a sampling speed of 2 gigasamples per second. This
allows for many different measurement schemes, such as pump-probe-, ringdown-, Rabi-oscillation-
measurements and many more. To increase time accuracy between the devices we synchronised their
clocks to the 10 MHz clock of the AWG. Most of the time, we performed measurements in the low
MHz-regime and used two amplifiers to enhance the signal. On the 4K stage we installed an HEMT
amplifier!” with a gain of 13 dB. Additionally, at room temperature another amplifier'® of 46 dB was
installed. If needed, an additional amplifier!® at room temperature with 36 dB could be added. We
installed two low-pass filters (LPF) within the amplification stage to filter higher frequency noise
picked-up by the amplifiers. The first LPF between HEMT and first room-temperature amplifier consists
of a 100 pF capacitor to ground. The second LPF between first and second room-temperature amplifier

is a commercial filter?® with a cut-off frequency of 5 MHz.

4.5.3 RLC-tank circuit

Classically, we measured the mechanical resonances of the CNT by measuring its conductance as a
function of applied frequency and power. This, however, means that we always drive the mechanical
resonance artificially by the ac-electric field’s photons filling the vibrational state with phonons making
it impossible to measure the actual phonon occupation of this resonance. In order to overcome this
and to, for example, measure the thermal occupation of the resonance, we implemented another
measurement technique similarly to what is described in [105, 199, 200]. A schematic illustration of
this setup is given in figure 4.8.

The most notable feature is the addition of an additional RLC parallel-circuit to ground (figure 4.9) on
one electrode connected to the CNT. This prohibits a current measurement with an IV-converter as
described earlier since the circuit is shunted to ground via the low ohmic inductor?'. We overcame
this limitation by introducing an additional resistor in series of the CNT and performing a four-point
voltage measurement on it. The voltage signal is then amplified by a voltage amplifier?? before being
measured at the input port of the ADwin. Another option we later used was to install a capacitor (1 nF)
in-line between the RLC-circuit and the CNT effectively blocking dc-signals while still transmitting the
MHz-signal which allowed us to apply all previously used measurement techniques. The RLC-circuit

also behaves as a bandpass filter allowing only signals around v = 1/VLC with a quality factor of

15 7urich Instruments AG, Technoparkstrasse 1, 8005 Zurich, Switzerland

16 by SP Devices, Teknikringen 8D, SE-583 30, Linkoping, Sweden

17 Cryo Amp A5-1 by CRYOHEMT, 6 Boulevard Dubreuil, 91400 Orsay, France

18 NF SA 200-F5, NF Corporation, 6-3-20 Tsunashima Higashi, Kohoku-ku, Yokohama 223-8508, Japan

19 7X60-100VH+, Mini-Circuits, 13 Neptune Ave Brooklyn, NY 11235, United States

20 SLP-5+, Mini-Circuits

21333 uH, 1812CS-333X]JEC, Coilcraft, 1102 Silver Lake Road; Cary, Illinois; 60013, USA

22 EPC1-D, differential amplifier, Groupe SPHEREL Systémes,10bis, route d’Ax, 31120 Portet-sur-Garonne, France
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4.5 Electronic setup for cryogenic measurements
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Figure 4.8: Schematic drawing of the full cabling of our setup. We connect seven DC-lines to the
DUT with two of them being part of a bias-T. One bias-T is connected to the source-electrode,
one bias-T is connected to one of the local gates. The rf-side of the bias-T is connected to
an rf-source via three stages of attenuators. The drain-electrode is connected to one dc-line
for transport measurements as well as to an RLC-tank circuit via a capacitor to measure
in the MHz-range at the RLC-resonance frequency. Three stages of amplification amplify
the signal, the additional low-pass-filter filters higher frequency noise. An acquisition card

with 2 Gigasamples/s collects the signal.
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4 Cryogenic experimental Setup

the resonance following Q = Rm to pass. In reality, parasitic capacity Cpar adds on top to the
capacitance soldered onto the PCB and can, as in our case, dominate. In our case, with L =33 uH,
C = Cy + Cpar (C1 =10pF, Cpar ~ 120 pF) and R =10kQ, the resulting quality factor Q is about 20 and
the resonance frequency about 2.1 MHz. The components are soldered onto a PCB manufactured in
house by the electronic workshop. The PCB is glued into a copper box with silver epoxy glue to ensure
proper grounding and thermalisation. The box can be closed with a copper lid that is fixed by four
brass screws. Two additional brass screws on the ground plane as well as excess silver epoxy at the
edges ensure a thermalisation and grounding of the large ground planes on the up facing parts of
the PCB. By introducing an in-line capacitance at the marked position where the transmission line is
interrupted the potential to perform DC-measurements might be restored but potential drawbacks
such as a reduced signal via the RLC circuit, additional resonances or a modified RLC resonance are
experimentally unexplored so far.

After determining the resonance frequency of the CNT via transport measurements with constant

Figure 4.9: Photography of the RLC tank circuit used. The soldered resistance (blue), capacitance
(green) and inductor (yellow) are highlighted. By removing the shunt to ground between the
two inductors a second inductor (yellow striped box) can easily be added. The transmission
line is interrupted and reconnected via solder and allows for the introduction of a capacitor

at the highlighted spot.

rf-excitation, this setup allows us to readout the occupation of the mechanical resonance by driving
the CNT off-resonance and using it as a mixer [102, 113, 114] by interaction of the electrons with the
phonons of the vibrational state to downconvert the applied frequency to match the passing band of
the RLC tank-circuit. This experimental technique potentially allows for cooling of the vibrational

mode [201, 202], creation of mechanical cat states [92] or a mechanical qubit [72].
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5 Experimental results

After introducing the physical background relevant for this thesis, the fabrication concepts applied to
obtain functional devices and the experimental setup used, this chapter contains acquired measure-
ments and potential explanations to the phenomena observed. The first section (section 5.1) focuses on
the characterisation and optimisation of carbon nanotube growth as the last step towards functional
‘top-growth devices’. Since this process exposes the device to rather violent conditions, a study to find
the proper combination of good carbon nanotube yield while maintaining the integrity of the metal
circuit is necessary.

The section 5.2 is dedicated to first attempts of devices fabricated with the stamping technique using
molybdenum as the contact material. While most similar devices use platinum or palladium contacting
layers, we tested molybdenum due to its carbide forming behaviour.

The bulk of this chapter is dedicated to transport measurements on carbon nanotube nanoelectrome-
chanical systems at cryogenic temperatures. Among others, single and double quantum dot as well as
mechanical resonances have been measured. During this thesis devices fabricated via the top-growth
procedure (see sec. 3.3.1) as well as the stamping procedure (see sec. 3.3.4) have been studied and the
results are presented in section 5.3 and section 5.4, respectively.

Unfortunately, the coupling to single-molecule magnets could not be achieved in this thesis and the

measurements, showing mostly noise, are being omitted for the sake of clarity.

5.1 Carbon nanotube growth optimisation for the top-growth process

In section 3.3.1 the advantages and disadvantages of the top-growth procedure have been discussed.
The issues can mostly be boiled down to the statistical nature (i.e. nondeterministic growth-result for
each junction) and the damaging CVD-conditions of the carbon nanotube growth process. Therefore it
was essential to determine growth conditions that provide a high yield of single-nanotube devices
while at the same time inflict little damage on the metal-structures. These requirements are different
than what is needed, e.g. for the comb-like cantilever chips, and therefore require a different trade-off
between the growth parameters.

The higher the temperature and the longer the device is exposed to these temperatures the more
nonbeneficial thermally activated changes are to be expected at the metal structures. At the same
time, strong temperature gradients as well as fast heating rates can cause structural damage due
to an inhomogeneous thermal expansion across the sample. In addition, the decomposition rate
of the precursor hydrocarbon gases increases with temperature and gas flow rate which as a first

approximation also means more formation of carbon nanotubes. Here, the focus will be on the growth
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5 Experimental results

Figure 5.1: SEM micrograph comparison of devices after CVD-growth process at different
temperatures. a) After CVD growth at 860 °C, a multitude of carbon nanotubes was found
on a metal film that was clearly distorted. b) Number of tubes and damage to the metal
circuit was reduced after normal growth at 780 °C though the metal film was still corrugated.
¢) The metal film shows very little bumps after a growth at 780 °C with the hot load (HL)
and fast cooldown (FC) applied, emphasising their effect. The faint carbon nanotube in the

background was device 818 that was measured at cryogenic temperatures.

temperature and heating cycle, which was done after fixing the other growth parameters discussed in
the fabrication chapter.

Once other parameters were fixed we altered the growth temperature in a range between 780-860 °C. As
parameters to determine whether a growth yielded "good’ results, we examined qualitatively damage to
metal structures and quantitatively the yield of single-nanotube junctions for a chip with 48 junctions.
The influence of temperature on the metal film can be analysed by SEM imaging. A comparison of
two different growth temperatures and the application of the hot load, sliding the sample in the oven
only when growth conditions are reached, and fast cooldown technique, removing sample directly
after terminating growth conditions, [203] is given in figure 5.1. A clear trend emerges where higher
temperatures and a longer exposure time lead to more deformation of the metal film, as expected.
While deformation is not necessarily a disadvantage since it is unclear whether it is detrimental for
the CNT-metal contact or even beneficial and it also could help to achieve suspended CNTs, the
CVD-growth also made the metal-film more brittle thus strongly impeding the microbonding process.
From these SEM observations it is also obvious that there are far too many carbon nanotubes growing
and connecting the two electrodes making characterisation at room temperature (sec. 3.3.3) more
challenging. Judging from the SEM images, it appears that temperatures above 800 °C cause strong
alterations of the metal structure and should thus be avoided, if possible.

To quantify which percentage of junctions contained one CNT, we performed transport measurements
between the two electrodes to see if a connection could be detected and looked at the electrodes using
an SEM enabling us to count the number of CNTs per section. It should be noted that by doing so
we cannot distinguish bundles from single CNTs. We performed this study for a temperature range
between 780-860 °C and different catalyst densities with and without the hot load and fast cooldown
procedure. The number of junctions measured per growth was between 30 and 100 and an excerpt
showing the global trend is given in figure 5.2. As expected, the number of CNTs per junction is overall

decreasing upon decreasing the growth temperature. The growth at 820 °C featured a reduced catalyst
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Figure 5.2: Bar diagram showing the yield of nanotubes per junction for different growth
parameters. At 860 °C, both one and two dips into the catalyst solution, the growth yields a
multitude of CNTs which is not suited for the characterisation of individual CNTs. Lowering
the temperature overall results in a lower abundance of CNTs. Introducing the hot load
(HL) technique [203] drastically reduced the yield of CNTs which strongly increased the
chances of achieving a single CNT in a junction. The fast cooldown (FC) showed little effect

overall.

density and is thus an outlier. The two growths at 860 °C received a different amount of catalyst showing
that in our case more catalyst means more CNTs. Overall, the catalyst density used by us appears to be
a lot smaller than in previous works [68, 99, 199] using top-growth. The biggest improvement in terms
of single-nanotube-per-junction yield was achieved by using the hot load procedure which overall
reduced the CNT yield by a lot making it likely that a connection measured at room temperature is
actually caused by only a single CNT. The additional usage of the fast cooldown did not lead to any
yield improvement but protected the metal film more than keeping the sample in the oven.

In summary, this small characterisation showed that we are able to perform a growth at rather low
temperatures using a rather low catalyst density that on average had a yield of = 30% single CNT

devices at the time of these tests while maintaining the integrity of the nanofabricated metal structure.

5.2 Stamping devices with molybdenum-topped electrodes

Following the intriguing findings of low-ohmic CNT end-bonded contacts to molybdenum by Cao et
al. [51] we tried to replicate similarly good contacts using our stamping technique. Therefore, devices
were nanofabricated analogous to the process described for stamping devices in section 3.2.2 but with a

molybdenum contacting layer instead of palladium. Cao et al. achieved the low resistance for CNTs with
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Figure 5.3: Representative measurements of conductance directly after depositing the CNT.
The current through the CNT was measured with additional 1 MQ in series for different
devices. Between the yellow boxes, the outside cabling was adjusted. For device B no con-
nection could be established, while the other sections showed a clear initial barrier requiring
between 3.5-6 V to overcome highlighted by the black dashed lines. After overcoming this
barrier and achieving a somewhat large current, the barrier is gone for most devices, though

a non-ohmic deviation is observed towards low bias.

molybdenum evaporated on top of the CNT and subsequent annealing resulting in carbide formation
with the molybdenum. Since they found the contact to be independent of the overlapping area and a
device resistance below 40 kQ it was worthwhile to try and reproduce the low resistance using the
stamping technique. Using the stamping approach, their geometry of evaporating molybdenum on top
could not be reproduced since CNTs were integrated on top of the metal as the last step of fabrication.
Additionally, their annealing in an oven at more than 800 °C could not be applied without breaking the
vacuum and removing the wirebonds. Therefore, current annealing was tested aiming to reproduce
similarly high temperatures locally.

In order to perform the stamping, the CNTs have been vacuum transferred into the SEM after their
growth and the chip with the metal circuit loaded after microbonding. These tests have been performed
at an early stage when the radiative thermal annealing and argon-milling of the first few nanometres
have not been introduced, yet. The stamping thus consisted of the CNT-transfer itself and current
annealing. In the following an electrode pair connected by a CNT is called a device. The typical
behaviour of a device featured initially large barrier, leading to a non detectable current (few nA or
smaller) up to a few volts. After reaching voltage thresholds varying with the initial contact quality,
a finite current is measured. Upon slowly increasing the voltage, the measured current becomes
more unstable and can jump to larger values which we attribute to an improvement of the contact to
the metal electrode, i.e. local rearrangements. Representative data for five different electrode pairs

fabricated from one CNT, are shown in figure 5.3, showing the threshold values and also the annealing
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5.2 Stamping devices with molybdenum-topped electrodes

behaviour, e.g. for device C. In this measurement, the barrier voltage is describing the threshold voltage
at which a notable increase in current was detected. The barrier voltage was typically between 3-7V
for devices without Oz-plasma cleaning of the contacts and larger barriers of typically more than 10V
occurred for samples that were cleaned in an O,-plasma. Application of the O, should have helped
if the initially bad contact is the result of hydrocarbon remnants after nanofabrication processes by
burning them in the plasma. The instead observed larger barriers indicate an enhancement of the
native oxide layer at the molybdenum surface hampering a good connection.

Using Ohm’s law R = U /I we can determine some resistance values for large bias voltages. Taking the
1 MQ resistor in series into account, the resistance is between ~1 MQ for devices C-E and about 10 MQ
for device A. This is, however, an optimistic estimation since transport measurements are typically
performed at low bias voltages (mV or smaller) where the resistance is even larger as indicated by
the change of slope when approaching zero voltage. Since the conductance of the CNT itself is not
expected to be this low, these large resistance values are expected to be the result of strong interface
barriers. As discussed in section 2.2, the barrier height strongly determines the transport behaviour
and in this case will most likely block almost all tunnelling processes at small bias due to the low
tunnelling probability.

Nonetheless during the several attempts there was one device that after annealing showed a linear
current/voltage dependence down to few tens of mV (see figure 5.4). The measurement was performed
with 100 kQ in series. The CNT was most likely actually a bundle of CNTs as it could sustain quite
large currents (= 30 pA) without cutting in a section of about 800 nm suspension length and showed a
resistance of ~ 160 kQ after deduction of the inline resistance. When looking at the time course of the
current for a fixed bias of 6V, it can be seen that the behaviour is still volatile meaning that no stable
position has been reached, yet. This implies that further treatment might still improve the resistance
and potentially get closer to the 36 kQ reported by Cao et al. [51].

At a later point we used externally fabricated chips with full molybdenum electrodes while applying
the annealing recipe developed in our group [57]. This treatment contains cleaning of the surface by
argon milling and a global heating of the chip inside the SEM, after locally heating it by driving a
high current through the CNT. The cleaning supposedly removed thin oxidation layers present on the
surfaces of the chip which should help establishing a good contact. However, upon stamping we found
that there was again an initial barrier to overcome. At the stage when these tests where performed, the
microbonding was done after Ar milling. This resulted in a timespan of 10+ minutes after argon milling,
caused mainly by the need of microbonding, where the sample is exposed to air. During this time, a
newly oxidised or otherwise altered surface may have formed. The radiative thermal annealing showed
a small improvement of the resistance but could not achieve resistance values comparable to palladium
contacts or Mo,C end-bonded contacts. The resistance values obtained for these samples were about
250 kQ or higher for a bias voltage of 100 mV. The temperatures typically achieved during the radiative
thermal annealing are below 300 °C [57] which is well below the carbide formation temperature of
850 °C [51] making this an unlikely process to happen. Exposing the sample to more than 800 °C is
not feasible as it will damage the microbonding (Al-bondwires) and can potentially damage the metal

circuit, depending on the used materials (e.g. strong damage on Al and Au) nullifying one of the
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Figure 5.4: Current and voltage monitoring for a low barrier voltage device (additional inline
resistance 100 kQ. The device showed ohmic behaviour down to low applied bias voltages
and a resistance of ~160kQ at 1V. For large bias voltages, the current showed instable

behaviour, indicating that the local configuration at the interface was not stable, yet.

advantages the stamping technique has compared to the top-growth procedure. Additionally, creating
these temperatures inside the SEM will almost certainly cause troubles for the equipment.

As a summary of these tests, it can be said that we successfully stamped CNTs onto electrodes using
molybdenum as the contacting material and that an overall resistance in the hundreds of kQ was
detected. These values are an order of magnitude larger than what we found when using palladium as

the contacting material, making the latter the preferred choice of material.

5.3 Transport measurements on top-growth multi-gate carbon nanotube
devices

In this section, electronic transport measurements at cryogenic temperatures conducted on carbon
nanotube devices fabricated via the top-growth process (see sec. 3.3.1) are presented. The data presented
was mostly measured on four individual devices (K47, 118, D67 and I54) and measurements will be

attributed to these devices.

5.3.1 Room-temperature characterisation

The four devices featured a room-temperature resistance of Rxq7= 257 kQ, Ryjs= 42kQ, Rpgy= 110 kQ
and Rps4= 105kQ. Their respective gate dependence is plotted in figure 5.5. The devices 118 and
K47 showed a clean, ambipolar gate dependence with little hysteresis, while 154 and D67 showed a
deviation for negative gate voltages (hole conductance side). Their suspension length was between 650

and 750 nm as determined from SEM observations. Inside the cryostat we performed measurements
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Figure 5.5: Room-temperature gate dependence of four measured CNT devices. The applied
bias voltage was 10 mV. Top left: K47 with Rx47= 257 kQ; Top right: 118 with Ryjz= 42 kQ;
Bottom left: D67 with Rpg;= 110 kQ; Bottom right: 154 Ry54= 105 kQ. Resistance was deter-
mined by fitting a line to an I-V-trace in the few tens of mV range. Overall, little hysteresis

was detected for K47 and 118, while 154 and especially D67 showed some hysteresis.

on electronic transport across a single or a series double quantum dot and studied the mechanical

resonance whenever we could detect it.

5.3.2 Single quantum dots

After cooling down a device, the characterisation routine typically starts by measuring a bias-gate
map, i.e. measuring the electronic differential conductance as a function of applied bias voltage and
gate voltage. This type of measurement is powerful in providing a general overview of obtainable
transport regimes (see section 2.2), cleanliness and state spectroscopy. As a reoccurring feature, most
of the devices showed much more expressed conductance for negative gate voltages indicating that

hole conductance is stronger than electron conductance in these devices.

Bias-gate map of K47

An exemplary bias-gate map for a device (K47) showing unipolar p-conductance in the intermediate
quantum dot regime is presented in figure 5.6. Areas in blue represent areas of constant conductance
(not necessary zero) while red areas represent the availability of additional states. No electron conduc-
tance was observed up to a gate voltage of 5V. A dominating hole conductance has been observed

for many devices fabricated by top-growth or being exposed to air [53, 154, 176, 204]. One possible
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Figure 5.6: Bias-gate-map of device K47. Gate voltage applied on gate 4. For negative and slightly
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positive gate voltages, Coulomb diamonds are visible. For larger positive gate voltages, no

conductance was measurable.

explanation is the surface coverage of CNTs with adsorbates or the influence of oxygen which is
compensated at room-temperature due to the available thermal energy.

The appearing Coulomb-diamonds follow a regular pattern with a size that is slowly decreasing
towards larger gate voltages hinting at a limitation of the constant interaction model, i.e. a dependence
of the addition energy on the number of charge carriers in the quantum dot which contradicts the
assumption of a constant interaction. An alternative explanation could be an effective size increase of
the quantum dot caused by the gate voltage modifying the tunnelling barrier width. By measuring
2% {4 be
AVe
approximately a ~ 0.013. A gate lever arm this small states that the coupling is rather weak which

the width and height of a Coulomb diamond we can estimate the gate lever arm o =

means that the CNT is far away from the local gate. In this case, the CNT must be suspended. Due to
the geometry of the gap between the contact electrodes (= 200 nm high and ~ 700 nm wide) it can be
ruled out that the CNT touches the substrate and is only partially suspended while being far away from
the central gate (asymmetric v-shape). At the same time, the map shows few jumps and irregularities
indicating that the device overall is clean. Nonetheless, conductance at low bias voltages is reduced
which could have many reasons. The most probable one is that the contact is not perfect and some
bias is necessary to establish measurable tunnelling rates. Another possibility are forbidden vibronic
ground-state to ground-state transitions blocking transport at low bias, but since no clear vibronic
sidebands (appearing as conduction bands parallel to the Coulomb diamond’s edge) are visible, this

seems implausible. [21]

Excited states

When looking at the shape of individual Coulomb diamonds it becomes apparent that they do not
have a clear diamond-shape but are rounded towards higher bias voltages. A deviation like this could
be caused by smeared out excited states that cause a rounding of the Coulomb diamond instead of a
clear horizontal cut or cotunnelling processes. A zoom in on the small gate voltage region even shows

transport within a Coulomb diamond (see figure 5.7). Indicated by the yellow arrows it is apparent that
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Figure 5.7: Zoom-in on low gate voltage region of figure 5.6. The Coulomb diamonds of the first
electronic shell are about twice the height of higher shells. Inside the area of blocked

transport, tilted lines of conduction, most likely caused by excited states, are visible of

which some are highlighted by yellow arrows.

the excited states do not appear as horizontal lines but are tilted similar to what was shown in figure
2.9 [56]. This has been attributed to asymmetric tunnelling barriers in the past, an effect, that could
already be explained by the top-growth mechanism itself where the CNT growth is initiated from a
catalyst nanoparticle on a metal surface and terminated on a different electrode which is an intrinsic
difference for the local contact. A further indication towards asymmetric tunnelling barriers is given
by the asymmetry in the conduction areas separating the individual Coulomb diamonds. Looking at
the conduction area at ~ 0.4V, for negative bias it is well visible how the side facing more negative
gate voltages is conducting stronger than its counterpart. This effect can also be seen at —0.75V and
even a continuation at positive bias voltages, this time facing more positive gate voltages hinting at a
common origin. Considering the energy level scheme introduced in the theory section (figure 2.6), in
case of an applied bias voltage the energy barrier between the aligned levels has the stronger influence
since there is no energy difference. In our data, it seems like the "right" barrier towards the drain is
more transparent, though we have no means of linking it to the growth since start and end position of

the latter are unknown.

Negative differential conductance

When paying close attention to figure 5.6 the colourbar showing negative values for the differential
conductance raises questions. In figure 5.8 a zoom in on the features showing negative differential
conductance is shown. In general, negative differential conductance hints at the availability of long-lived
states that block the transport of charge carriers. When a long-lived state enters the bias window and
gets occupied, transport is inhibited while this state is occupied due to a shift of the chemical potential.
Thus, the appearance of a state like this can reduce the conductance. In the past, features of negative
differential conductance have been attributed to coupling asymmetry caused by spin interaction with
superconducting leads [205] which can be excluded due to our material choice. Another option could

be an interaction between electron tunnelling and the mechanical motion [97, 206]. This feedback
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Figure 5.8: Zoom in on regions with periodically arising negative differential conductance,
appearing in dark blue, in figure 5.6. We typically observed these features on conduction

ridges in suspended samples

mechanism requires an electron tunnelling rate larger than the mechanical resonance frequency, an
underdamped mechanical oscillator and a quantum dot with energy dependent tunnelling [206]. An
underdamped mechanical oscillator can be driven to high amplitudes, even if the driving force is small
and stochastic in nature [207] as is the case for electrons tunnelling in and out of a quantum dot which
at the same time induces additional dissipation [208]. This dissipation can also become negative and in

this case current spikes are to be expected [206].

Effects of current annealing

In contrast to the data shown so far, later devices partially also showed finite but clean electron
conductance after ’annealing’ the CNT inside the cryostat. In this case, annealing describes the process
of driving a large dc-current through the CNT by applying a dc voltage of few Volts which causes
local heating. The local heating is assumed to cause degassing of adsorbates and potentially also
initiate minor local rearrangements especially at the CNT-metal interface. Since adsorbates can act
as scattering centres and dopants, the transport properties are expected to improve. This technique
proved to be successful for others groups as well [177, 209, 210]. For the determination of the current
setpoint, we follow a similar procedure to the sample annealing during stamping. Using real-time
monitoring we track the current while increasing the dc-voltage. Upon reaching a point of decreasing
slope or even decreasing current caused by excitation of phonons [211] and additional scattering, we
stay at this point for few tens of minutes before ramping the dc-voltage back to zero and giving the
sample time to thermalise.

In figure 5.9 a bias-gate-map of sample D67 is presented which shows conductance on both electron
and hole side. This data was acquired before and after thermal annealing and thermal cycling of the
sample. Before these two steps, the sample showed predominantly hole transport and an overall much
less regular behaviour (see upper panel of figure 5.9). After annealing, hole transport was still more
expressed, but a very regular pattern of Coulomb diamonds is observable. Again, one pair of edges of
the Coulomb diamonds is more expressed. For this map, the gates 2-4 were used for setting the gate

voltage resulting in a larger lever arm. It also appears that there are two superposed periodic patterns

116



5.3 Transport measurements on top-growth multi-gate carbon nanotube devices

Before 30
Annealing: 4
25 if
cl
= 208
S s
5 153
2 2 0V 0V vg 0V 0V
o
o
10 ®
2
g
5 8
[a)
0
8
After
Annealing:

Vsd [mV]

oV vg OV

Differential conductance (dl/dV) [uS]

-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0
Vg [V]

Figure 5.9: Bias-gate-maps of device D67 showing the effect of current annealing on a sample
with favoured hole-conductance but finite electron conductance. Upper panel:
Before annealing, the device showed hole dominated transport and noisy behaviour. Con-
duction on electron side exists but Coulomb diamond tips are spaced by >1mV. Gate
voltage applied only on gate 3. Lower panel: The apparent superposition of two pattern
with different periodicity hints at two parallel CNTs. A clear Coulomb blockade regime is
visible for positive gate voltages (electron conductance) while negative gate voltages (hole
conductance) seem to result in an intermediate regime. Gate voltage applied on gate 2,3
and 4, which causes the stronger coupling but not the cleaner data. Conductance partially

saturated for visibility of electron side.
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Figure 5.10: Bias-gate4 map of device I154. At the point of this measurement the device has survived
four cooldowns to mK-temperatures, days in ambient conditions and two SMM evaporation
processes while still showing rather clean Coulomb blockade behaviour, excited states

and negative differential conductance.

which is a strong indication towards two parallel nanotubes and in consequence two parallel quantum
dots. This is in agreement with the observed kink in the room-temperature gate-dependence (figure
5.5) that is not explicable with a single, pristine carbon nanotube. Why the conductance is reduced to
almost zero in the region of the very large Coulomb diamond at —0.5V is not obvious and requires
both potential CNTs to be non-conductive over this parameter range. Why this apparently coincides
for the two nanotubes is unclear to the author as it is unlikely that it is the same nanotube crossing
the same junction twice (possible after doing a U-turn).

As an example for the robustness of CNT-devices fabricated in the presented top-growth process a
bias-gate 4 map of device I54 is shown in figure 5.10. At the point of this measurement, this device
has sustained two full cooldowns (i.e. from room temperature to mK-temperatures) and one molecule
evaporation process while being not contacted with bond-wires and another two cooldowns with one
molecule evaporation process after being microbonded. The bias-gate map in itself shows a regular
Coulomb diamond pattern without fourfold periodicity. The lines parallel to the edges of Coulomb
diamonds in the areas of higher conductance indicate the presence of transport via excited state
cotunnelling. The spacing of the individual Coulomb diamonds represents a small gate lever arm which
means that the nanotube was likely still suspended. However, no measurements on the nanomechanics
were performed on this device to prove it, but small pockets of negative differential conductance
also hint in the direction of a suspended nanotube. The fact that Coulomb diamonds are closing
demonstrates the absence of a strong tunnelling barrier or electron-vibron coupling blocking transport

at lower bias.

5.3.3 Double quantum dots in top-growth NEMS

So far the discussion was limited to the formation of a single quantum dot formed within the CNT.
But since the devices cooled down typically possessed four or five functional local gates (sometimes
losses due to alignment of lithography steps or damage during the CVD-growth made some gates

unusable) it was possible to divide the large single quantum dot into two smaller quantum dots in
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Figure 5.11: Gate2-gate4 map of device K47 with an applied barrier voltage of 6 V and gate 1 and
gate 5 on floating potential. The inset on the bottom right shows the applied voltages
to the gates, the bias voltage was 1 mV. Due to time constraints no lock-in measurement
was performed. The dashed lines give an approximation to the four expected quadrants.
No conductance is observable when either dot is tuned to an n-conducting state. The
map shows weak coupling between the two dots between -0.5 to 0.4 volt which is slowly

converting to strong coupling when the voltages approach —1V.

series. Some theory for this and how to generally read gate-gate maps (charge stability diagrams)
has been introduced in section 2.2.4. The data presented in the following was acquired using the
devices K47 and 118, which unfortunately both showed strong unipolar hole conductance and gate-gate
maps (charge stability diagrams) are thus focused on the (p,p) quadrant. Bias-gate maps study one
cross-section of a gate-gate map as a function of bias and the latter is thus a complementary technique
to understand transport behaviour of the device.

In our devices, typically three gates were needed in order to form a controllable double quantum dot.
Two gates were used to tune their respective dot while the third gate placed between them was used to
manipulate the interdot barrier. The confinement between the dots and their neighbouring electrode
was given by the, albeit small, interface barrier. An exemplary map for device K47 where the gates
2 and 4 were tuned from —1V to 1V with an applied voltage at gate 3 of 6 V is shown in figure 5.11.
Gate 1 and gate 5 were at a floating potential. In order to measure a current, a dc-bias voltage of 1 mV
was applied. The charge stability diagram only shows conductance in the lower left quadrant where
both dots are tuned to a p-conducting state. If either dot is tuned to an n-state, transport was blocked
for this device. In the room-temperature measurements, conductance was measured for electrons and
holes. From annealing of stamped devices it is known that the ratio of electron/hole conductance and
the bandgap position can shift [57] which could have shifted the onset for electron conductance to

higher gate voltages. An interesting question that arises is how much a third dot with n-conductance
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Figure 5.12: Gate2-gate4 map of device 118 with an applied bias of 0 mV, which was offset by the
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setup at few hundred pV. The voltage at gate 3 was 0 V and the two outer gates were floating.
The colourbar is plotted in a logarithmic scale to emphasise low conductance features at
the cost of apparently broadened features in the (p,p)-quadrant. The two quantum dots are
weakly coupled for the full range of applied gate voltages with suppressed conductance
when gate voltages where >0 V. In the quadrants, where one of the quantum dots was

tuned to electron conductance, very weak transport could be observed.

created in between the two p-dots will alter the transport. From this, information on the internal
electron level structure and on the Schottky barriers could be inferred. Figure 5.11 shows two weakly
coupled dots for the gate range of -0.5 to 0.4 V with a slow transition towards strongly coupled dots if
gate voltages are more negative. Due to the applied bias voltage and large tunnelling rates, transport
is not only observed at triple points, which in this case are appearing as roughly triangular areas of
higher conductance, but also at the edges of the honeycomb shaped stable charge states. The two triple
points at each avoided crossing are distinguishable in many cases, though the broadening sometimes
results in a merging, effectively masking the avoided crossing.

Similar results were reproduced when studying device 118, which also primarily showed hole con-
ductance with few, narrow and weak conductance ridges on the electron conductance side. For the
most part, the charge stability diagram of 118 (see figure 5.12) behaved analogous to the one of K47,
with the small distinction of little but finite transport (highlighted by yellow ellipses) if either of the
two quantum dots, but not both, is tuned to an electron conducting state. It should be noted that the
colourbar in this case is plotted in a logarithmic scale to make features with small current values more
visible. At the same time this may cause misleadingly broad features in areas with larger conductance.
Upon increasing the barrier voltage applied on gate 3, the four quadrants are shifted towards more
negative gate voltages. An exemplary charge stability diagram for device 118 with an applied voltage
on gate 3 of 3V is shown in figure 5.13. In the top right corner transport is mostly suppressed as a result

of the influence of the barrier gate on the quantum dots which basically shifts the quadrant boundaries.
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Figure 5.13: Gate2-gate4-map of device 118 with an applied bias of 0 mV and a barrier voltage at gate
3 of 3V. Plotted in logarithmic colourscale to make low conductance areas visible. Gate 1
and gate 5 were at floating potential. The two quantum dots are mostly in the intermediate
coupling regime with the exception of the top-right quadrant where a progression into a
weakly coupled regime, indicated by a more rectangular shape of constant charge areas

and the absence of triple-point splitting.

Here, intermediate coupling with the typical honeycomb pattern is visible for most of the applied
gate ranges. In the upper right quadrant of the figure, the interdot coupling is ever decreasing with
increasing gate voltages (to positive values) represented by a slow transformation of the honeycomb
pattern to a more rectangular shape. The triple points in this weakly coupled regime are further
highlighted with orange crosses to increase their visibility. The splitting between electron and hole
conduction processes caused by the interdot interaction seems to vanish complementing the argument
for a decoupling of the dots by an increasing barrier voltage.

Our measurements show, that the top-growth technique presented in this thesis is suited to create
double quantum dots with control over the interdot coupling using only three out of five possible gates.
The usage of five gates would have given more freedom and therefore likely have given cleaner data
or data at a wider parameter range. Even though transport in the devices tested was mostly limited to
the (p,p)-quadrant, proper tuning of the barrier gate in the centre allows to vary the coupling from

strong (single quantum dot) to weak (two almost independent quantum dots).

5.3.4 Nanoelectromechanics in top-growth suspended carbon nanotubes

Besides measuring electronic transport across one or two quantum dots inside the nanotube and tuning
its conductance behaviour with varying gate voltages, we can make use of the nanotube being sus-
pended and study mechanical resonances. The relevant theory has been introduced in section 2.4. This

section presents data acquired on nanomechanical features, such as high quality bistable mechanical
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Figure 5.14: Compilation of current measurements as a function of applied rf-frequency sent
by an antenna. The sweep was performed at Vy3=-2.95V and V4q=—200 uV. Further
measurements on the device were performed on the resonance at ~ 184-185 MHz, which
was proven to be a CNT resonance. The sweep was performed from low to high frequencies.
Due to time constraints only current was measured as lock-in measurements at this time
took three to four times as long. The low current resolution is a (now resolved) binning

artefact within the measurement software and not the physical resolution achieved.

resonances and tunnelling induced alterations, acquired on device K47. Similar measurements have
been performed on other devices as well and followed the same trend.

As a short reminder: For top-growth devices we measured mechanical features by applying an oscil-
lating voltage to an antenna in the vicinity of the CNT thereby emitting an oscillating electric field.
Measurements performed this way mostly rely on current rectification to create a measurable signal
induced by the mechanical resonator. Since this technique induces a change of conductance in the CNT
depending on the local curvature of the conductance with respect to the gate voltage, it was necessary
to determine a position in gate voltage with a large curvature %. Since a larger bias voltage typically
leads to a larger current and hence more tunnelling induced losses (see sec. 2.4.7) we initially try to
keep the bias voltage small to observe the resonance with only small perturbation. Measurements on
the mechanical bending modes were mostly performed on K47 and I18.

After choosing a proper electrostatic working point with a mechanically uncharacterised carbon nan-
otube, a first sweep performed covers a large frequency range in order to find mechanical resonance
frequencies as well as harmonics. A small compilation of features that are caused by mechanical reso-
nances of the carbon nanotube on device K47 are shown in figure 5.14. The clearest indicator pointing to
the CNT as the cause of the resonance is a bifurcating resonance shape caused by the bistable behaviour
of the resonator. The sign of the conductance change as well as the sign of the Duffing parameter

are determined by the tuning point (see sec. 2.4.7). We identified the resonance at 184 MHz to be the
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5.3 Transport measurements on top-growth multi-gate carbon nanotube devices

strongest resonance mode caused by the CNT and focused the analysis on this specific resonance mode.

Power dependence of the mechanical resonance

Since the shape of the bifurcating resonance strongly depends on the applied power a reasonable
next step is to test the power dependence of the resonance. If the resonance follows the behaviour
of a Duffing oscillator, as would be expected for a CNT bending mode, a strong broadening with
increasing power in only one frequency direction will be observed. If the resonance has a Lorentzian
shape power broadening will also occur but to a smaller extent. If the resonance is caused somewhere
else in the measurement setup, the power broadening should not be as strongly expressed, symmetric
in frequency and also no bifurcation should arise. In figure 5.15, the power dependence of the 185 MHz
resonance is shown in a colour map. Two features are striking: First, the resonance width increases
from left to right before reaching a stable state at the highest applied powers and second, every other
trace features a much more narrow resonance. The first observed feature of increasing resonance
broadening towards higher powers is rather straightforward and textbook behaviour for a bifurcating
resonance. A comparison of four different driving powers extracted from 5.15a) is given in figure 5.15b).
It is apparent that both the amplitude as well as the width are increasing and that the vertical signal
jump at the resonance peak is shifted to ever higher frequencies while maintaining the same onset
frequency. The onset frequency is expected to change as well due to power broadening, which could not
clearly be observed hinting at a narrow resonator linewidth. The effect of every other trace featuring a
more narrow resonance, apparent in the colour map, can be explained by looking at the measurement
routine which included a meander-type frequency sweeping. Here, meander describes that one trace
was measured with increasing frequency while the next trace was acquired with decreasing frequency.
This is basically measuring trace and retrace and resembles hysteresis measurements. In figure 5.15c),
trace and retrace of the resonance in a strongly bifurcating range is shown. Looking at the two curves
it becomes apparent why every sweep going from low to high frequencies features a broad resonance
and every sweep from high to low frequencies a narrower resonance shape. It is worth noting, that the
bifurcation can be observed in both cases, though the signal jump is much more expressed in case of an
upwards sweep. This type of hysteresis only vanishes, once the system reaches a linear regime and the
resonance shape becomes Lorentzian again. At highest powers, the meandering behaviour disappears
which is explained by an ever increasing resonance broadening up to a point, where the system always
remains on the upper branch and the amplitude jump is outside the measurement window. This shows,
that the system is rather stable on this upper branch as it could remain there for minutes during the
frequency sweep without dropping to the lower branch.

On a sidenote, it is worthwhile mentioning that the frequency sweeps were performed by setting
a frequency and then measuring the response of the system. When setting a new frequency, the
phase of the outputted signal is not necessarily continuous which causes a jump in output ampli-
tude. This phase shift caused by a high frequency component consequentially causes an additional
uncontrolled phase shift between the applied rf-signal and the CNT oscillation. Given that the res-

onator is in a metastable state during the measurement, this phase-jump of the driving force could
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Figure 5.15: Power dependence of the resonance at ~ 185 MHz. a) Colour map showing the differ-
ential conductance as a function of rf-power and rf-frequency. Vertical traces are acquired
alternating between sweeping from low to high frequencies and high to low frequencies.
For high powers, the resonance width reached a point at which no amplitude drop to the
lower branch was observed anymore. b) Vertical cuts acquired for upwards sweeps only.
The increasing broadening, but same onset frequency, with increasing power is clearly
visible. ¢) Trace and retrace measurement at -60 dBm. The hysteretic behaviour observed

is the result of the two branches expected for a Duffing oscillator.
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Figure 5.16: Frequency sweep with a Lorentzian fit to determine the quality factor Q. Acquired

at a power of -77.8 dBm, bias voltage of —200 pV and a gate voltage of Vy=—2.95V.

induce additional and unwanted perturbations that could be detrimental for the resonator performance.

Determining the quality factor

The increasing broadening at higher powers also means that determining the true shape of the
mechanical resonance becomes challenging. The broad slope of the resonance when measuring the
trace is cloaking the actual width at the base of the resonance and while the retrace is giving a better
approximation of the base width, it still does not give any clear information on the linewidth like
the FWHM does. We can thus assume that when determining the width or FWHM of the resonance

o

Aw
boundary. Towards lower powers, the resonance shape should at some point revert back to a Lorentzian

while in a power range with bifurcation, the estimated quality factor Q given by Q = *- is a lower
shape, which we could however not observe before the signal was vanishing in the noisefloor. We thus
evaluated a measurement at low driving power and approximated the resonance with a Lorentzian
(see figure 5.16). We determined a value of Q =~ 8900 with variations, depending on the quality of the
fit, for similar applied powers between 5000-12000. As previously mentioned, this value only serves as
a lower boundary. By properly tuning the working point, increasing signal-to-noise ratio, lowering
the rf-power, decreasing the frequency step and sweeping the frequency in a phase-continuous way it
is likely possible to increase the quality factor. Thus, these devices did not show a quality factor as
high as reported for previous work [19, 103], but still show a reasonably large quality factor even for

non-optimised parameters.

Tunnelling induced spring constant softening

In section 2.4.7, the interaction between single-electron tunnelling and mechanical bending modes
has been introduced and described. Another possibility to verify the origin of the detected resonance

while probing electron-phonon coupling is to measure the gate voltage dependence of the resonance.
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Changing of gate voltage should not affect resonances caused somewhere in the cables or the cryostat.
In figure 5.17, a measurement tracking the mechanical resonance across the Coulomb peak at a
gate voltage of about —2.9 V, where previous measurements have been carried out, is presented for
two different driving powers. At -66 dBm, i.e. the upper panel, the spring softening due to electron
tunnelling manifesting as a dip of the resonance frequency is visible for the high Coulomb peak but
also faintly for the weaker shoulder peak. The sign of the peak matches the expectation of a positive
sign (yellow) at the flanks of the Coulomb peak and a negative sign (dark blue) close to the peak due
to the dependence of the read-out technique proportional to the local curvature %. When paying
close attention, it can be noted that the negative peak values are arranged slightly asymmetric in
terms of gate values with respect to the frequency minimum which cannot be explained by the local
curvature only and the current rectification technique. However, when taking into account that our
device under test is by no means an ideal device and crosstalk and crosscoupling can and will occur
we can expect a finite amount of rf-signal being transmitted from the antenna into the source-drain
lines. As a consequence, besides current rectification also frequency mixing will take place in the CNT
causing an additional mechanical signal proportional to the first derivative g—‘z or transconductance of
the CNT. When this effect is weaker than the current rectification it perturbs the symmetry around
the minimum and therefore nicely explains the measured data. Given that the signal was applied by a
wirebond functioning as an antenna, this type of crosstalk is likely.
In the lower panel of figure 5.17, the same measurement is shown when using a higher rf-driving power.
As was established in figure 5.15, an increasing driving power causes the resonance peak to extend
further in the sweeping direction. This effect is again visible when comparing the resonance shape for
the two different driving powers (note the same y-axes). At the same time, it is interesting that the
onset frequency of the mechanical resonance peak shifts in the same fashion across the Coulomb peak
as it does for the lower driving power, basically stating that the driving power has no influence on the
observed spring constant softening. The asymmetry of the peak sign with respect to the frequency
minimum could not be reproduced. For the more expressed Coulomb peak, the frequency at which
the resonator leaves the higher amplitude branch of the bistable resonance and "falls" back to the
baseline appears to be constant over a broad range. In general, this type of measurement offers a great
opportunity to study the coupling between electron tunnelling and mechanical bending modes. In
order to understand the behaviour of the device under test better, it would have been helpful to acquire
the frequency-gate map in the same parameter range with additional different powers in order to
increase nonlinear effects caused by the mechanical properties of the CNT and with different applied
bias voltages which affect the tunnelling rate. In doing so, a better understanding of the system and

the interactions could have been achieved.

5.4 Transport measurements on stamped multi-gate carbon nanotube devices

At about half-time through this thesis, the focus of our group shifted from devices fabricated with the
top-growth technique towards devices, where the CNT is integrated via stamping. The Pros and Cons

have been thoroughly discussed section 3.3 and the arguments will not be repeated here. The data
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Figure 5.17: Differential conductance of device K47 measured as a function of gate voltage and
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applied rf-frequency. The plotted values for the differential conductance are plotted as
the difference to the average of their respective vertical trace. Frequency sweeps were
performed upwards at a bias voltage of —200 uV. Upper panel: Gate dependence at a driving
power of -71 dBm. The dips of the resonance frequency occur, whenever a Coulomb peak
is crossed, i.e. the conductance is maximum. The conductance showing a Coulomb peak
with a weaker shoulder peak is given qualitatively on top of the resonance frequency-map
was measured at a frequency of 183 MHz. Right: Gate dependence at a driving power
of -66 dBm. The higher driving power increases the resonance width drastically while
keeping the same onset frequency and causes the amplitude jumps of the resonance to

occur roughly at the same frequency on a Coulomb peak.
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Figure 5.18: Bias-gate maps for the two CNTs on chip EA5. Upper panel: CNT EA5-1 showing
Coulomb blockade behaviour in the few electron and hole conductance gate range before
transitioning into a more irregular pattern at higher gate voltages. Stepped gate 2, gate
1,3,5at -1V, gate 4 at 0.7 V. Lower panel: CNT EA5-2 shows a more regular pattern
of Coulomb diamonds for a large gate range. A fourfold periodicity or clustering of four
conduction ridges is clearly visible for the full applied gate range. Between +1 and 2V a

region of instability emerges, most likely due to interaction with the environment.

presented in this section was acquired inside the cryostat at mK-temperatures after transferring the
samples into the cold cryostat in vacuum. The data presented was measured on two different chips
(EA5 and FA3), both including two CNTs each that do not share any contact electrodes.

5.4.1 Measurements on single quantum dot
Bias-gate maps for device EA5

Analogous to the procedure on top-growth devices, it is instrumental to acquire a bias-gate voltage
map in order to get an overview of the device, its cleanliness and integrity, the gate coupling, transport
regimes, excited states etc. Interestingly enough, all four CNTs show quite different behaviour and
could easily be distinguished by looking at these bias-gates map. Therefore, the data for all four CNTs
is shown in this section.

A comparison of the bias-gate maps for the two CNTs (EA5-1 and EA5-2) stamped on EAS5 is given
figure 5.18. Since both measurements were taken on the same chip, no difference in the metal-circuit

fabrication has occurred and all deviations necessarily include some interaction with the CNTs. In
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Figure 5.19: Bias-gate map of CNT EA5-1 with focus on the Coulomb blockade regime. The

CNT shows tilted excited states caused by asymmetric tunnelling barriers (yellow arrows)

inside the Coulomb diamonds as well as negative differential conductance, in particular
on the Coulomb peak at about 0.38 V in combination with excited states parallel to the

Coulomb diamond edge.

contrast to many devices fabricated with the top-growth technique, both maps show electron and
hole-conductance as would be expected from very clean devices. Device EA5-1 (upper panel of fig. 5.18)
shows rather clean Coulomb-diamonds for few charge carriers and fourfold periodicity arising from
the spin and valley states of the CNT. In the hole-conductance side the CNT remains in a Coulomb
blockade regime and apparently the first higher order Coulomb diamond is visible as well. Since
differential conductance is plotted, the presence of extra Coulomb diamonds at higher bias hints at a
low density of higher energy states. For positive gate voltages, i.e. the electron side of conductance the
CNT remains in a regime of Coulomb blockade with progressively broadening features and fourfold
periodicity until two shells are fully filled before converging to a much more irregular pattern with a
band gap in the order of 0.5-1 mV that additionally slightly shifts with increasing gate voltage. The
origin of this emerging gap is unclear to the author. For even higher gate voltages, Kondo ridges emerge
in the low-bias range and the band gap fully vanishes. Overall, the device shows unexpected and
irregular behaviour for gate voltages >1V that cannot easily be explained and could hint to interaction
with the environment.

When zooming in on the few electron regime (figure 5.19) where Coulomb diamonds have been
observed the regular Coulomb diamond pattern for the first seven electrons added to the quantum
dot becomes more obvious. Similarly to what has been observed for top-growth devices in figure 5.7,
tilted excited states in the Coulomb blockade area as well as excited states parallel to the Coulomb
diamond edge are visible and imply an intermediate coupling regime with coupling I' comparable to
the charging energy E. (I ~ E_). Features of negative differential conductance, especially at a gate
voltage of about 0.4 V may hint to a suspended CNT, an assumption which is supported by the gate
voltage spacing of the individual diamonds.

For device EA5-2 (lower panel of figure 5.18) the bias-gate map shows a more regular behaviour. It
appears that the CNT is always in a comparably well coupled Coulomb blockade regime featuring a

fourfold-periodicity presenting itself as a clustering of conduction ridges for the majority of the gate
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range. The device shows no bandgap as all Coulomb diamonds are separated. Between 1V and 2V of
applied gate voltage, the measured signal became quite noisy for a certain bias window. Since this bias
window was shifting with the gate voltage it appears that the CNT was coupling to some gate-tunable
contamination which proved detrimental for the quality of the data without obscuring the features of

the bias-gate map.

Bias-gate maps for device FA3

The bias-gate voltage maps for device FA3 are given in figure 5.20. The upper two panels show the
behaviour of CNT FA3-1 before and after current annealing while the lower panel shows the behaviour
of device FA3-2. Before annealing, CNT FA3-1 showed quite irregular behaviour in the hole side of
conductance which appears for gate voltages <—1.2V. A clear bandgap between electron and hole
side is not visible but in this voltage range definitely a change of transport mechanism takes place.
There is no clear periodicity but the differential conductance could reach rather high values up to
30 uS. On the electron side of conductance, the pattern appears to be far more regular with a fourfold
periodicity arising with every third area of blocked conductance being more expressed as well. The
shape of the features, resembling Kondo-features due to the two-fold periodicity, cannot be explained
with Coulomb blockade or Fabry-Perot interference alone but rather some interaction, potentially
also with the environment, must take place. In addition, the areas of blocked conductance become
wider with an increasing number of electrons in the quantum dot. The assumed transition between
electron and hole conductance still occurs at the same gate voltage after current annealing even though
there is some conductance visible inside the bandgap which is a deviation from pristine behaviour
and should be caused by some imperfection, like adsorbates, leakage or a parasitic parallel transport
channel. Such a channel could be another CNT in a potential bundle. The electron side of conductance
was cleaner after annealing indicated by the more regular pattern. The number of added electrons is
increasing in the same gate range which either speaks for an increased gate lever-arm or smaller energy
level splitting. The latter could be caused by an increased quantum dot size which is imaginable after
current annealing and removal of 'dirt’ on the CNT. The lever arm could potentially have also shifted,
if the CNT is closer to the gates after current annealing which is unlikely, but possible, after local
rearrangements at the CNT-metal contact. Additionally, this gate region at zero bias shows alternating
occurence between three conduction peaks and 1 blocking area hinting at an SU(4)-Kondo effect. The
overall appearance resembles more an interference pattern than a Coulomb-diamond shape indicating
high tunnelling rate transport in the open quantum dot regime.

The bias-gate voltage map for device FA3-2 in the lower panel of figure 5.20 shows very regular
behaviour of electronic transport in the Coulomb blockade regime for gate voltages >—2V which
should be caused by electrons. The Coulomb diamonds follow a strict periodicity, with observable
fourfold periodicity. The diamonds are separated by conduction ridges which excludes a strong interface
barrier necessitating a bias voltage to enable electronic transport. The conduction ridges show features
of excited states and a small region of instability at about 1.3V shifting with the bias voltage. The hole
side of conductance is in the Coulomb blockade regime as well but featuring Coulomb diamonds of a

larger height but with comparable width.
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Figure 5.20: Bias-gate maps of CNTs FA3-1 and FA3-2 on chip FA3. Upper and middle panel:
CNT FA3-1 before (upper) and after (middle) current annealing. The CNT shows irregular
behaviour in the hole-conductance branch with many features of high conductance, also
at vanishing bias voltage. The electron branch shows periodic features, resembling SU(4)-
Kondo effect at larger electron numbers. Lower panel: CNT FA3-2 showing clean Coulomb
blockade behaviour on the electron conductance side and less regular Coulomb blockade
behaviour on the hole conducting side. Almost every Coulomb peak features excited states

running parallel to the diamond edge.
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Figure 5.21: Gate1,2-gate4,5 map measuring conductance (plotted in log-scale) at zero bias

voltage and the barrier gate 3 at —1V. The band gap at about —0.5V is reproduced only
for gate 3,4. Several small areas of negative differential conductance are spread across
the map in a rather regular pattern following the charge states. The four quadrants are
highlighted and can be well distinguished, though their exact boundaries are not obvious

and the shape of stable charge areas non-standard.

5.4.2 Double Quantum dots in stamped NEMS

Since all four devices had four to five functional local gates, we used the circuits to induce double
quantum dots in series in the CNTs. In order to study double quantum dots, we acquire gate-gate maps
that provide a charge-stability map for a fixed bias voltage. It can therefore be seen as a measurement
of a horizontal cut in a bias-gate map as a function of another gate voltage probing the energy levels
in both quantum dots as well as the coupling. Since the devices showed conductance for electron and
hole side all four quadrants of a gate-gate map, i.e. the quantum dots are in (n,n), (n,p), (p,n) or (p,p)
configuration, are expected to show some transport behaviour, though the maps will, judging from the
bias-gate maps, show differences. All devices feature strong coupling between CNT and leads and thus

show transport not only at triple points but also at boundaries between stable charge configurations.

Charge stability diagrams of EA5-1 and EA5-2

The bias-gate map of CNT EA5-1 showed several irregularities on the electron side of conductance
which also show on a gate-gate map (figure 5.21). For this measurement, gates 1&2 as well as 4&5
were actuated in parallel, while the voltage at gate 3 was set to —1V with zero set bias voltage (a

finite offset from the IV-converter remained). The band gap that was visible in the bias gate map
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Figure 5.22: Gate2-gate4 differential conductance map for device EA5-2 with gate 1 and gate
3 at —2V at a bias of zero volt. The clear fourfold periodicity observed in the bias-gate
map (5.18) is reproduced for both gate-axes. In the (n,n)-quadrant the interdot coupling
changes from strongly to intermediate coupling with decreasing gate voltage. No bandgap

between electrons and holes can be observed.

(figure 5.18) at ~ —0.5 V is highlighted in the figure and separates differently doped areas of this charge
stability diagram. Gate 3&4 seem to be able to suppress transport more efficiently than gate 1&2 as the
horizontal manifestation of the gap is more expressed. Nonetheless, small areas of transport in the gap
are observed. While many details of the map are non-trivial, noisy or indicate the presence of charge
fluctuations in the vicinity, an interesting periodically reoccurring feature are pockets of negative
differential conductance in regions with weak interdot coupling. These areas are mostly sharper for
gate 3&4, meaning that these gates couple stronger and the origin is likely to be found in the right dot
which is supported by the periodicity matching the Coulomb peak periodicity. The physical origin is,
however, unexplored.

Device EA5-2 showed no clear bandgap in a bias-gate map (figure 5.18 b) and a clustering of Coulomb
peaks to packs of four, giving fourfold periodicity. Both properties are reproduced when measuring the
CNT while tuning two gates. The diagonal lines in packs of four in the (n,n) and (p,p) regime, for higher
gate voltages, of the double dot signalise strong interdot coupling (i.e. the system is better described as
one large quantum dot). In the (n,p) quadrant, the non-constant slope of conduction lines represents a
weakened coupling and a transition to an intermediate coupling range. The same behaviour with even
less interdot coupling can be observed in the (p,n)-regime. In the gate range of low positive gate voltages,
the fourfold periodicity causes the formation of honeycomb-clusters close to the transition to weakly or

uncoupled quantum dots. The noise band observed in the bias-gate map is detected again crossing the
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Figure 5.23: Gate2-gate4 differential conductance map for device FA3-1 with gates 1,3 and 5
set to zero volt. The map is visually separated in four quadrants with strongly coupled
quantum dots for (p,p) and (n,n) tuning and intermediate coupling for (n,p) and (p,n)
tuning. A clear gap separating electron and hole states can only be determined for tuning

of gate4.

gate-gate map diagonally from (-2V,5V) to (1.5V,-2V) showing that the noise source is tunable by both
gates with different strengths. Since gate 2 couples more strongly, the noise source must be located
closer to gate 2 and could be e.g. a defect or surface contamination. Gate-gate maps can thus also serve

as a tool to roughly localise noise sites enabling the experimenter to avoid them in future measurements.

Charge stability diagrams of FA3-1 and FA3-2

CNT FA3-1 showed a qualitatively similar behaviour to CNT EA5-2. The (p,p) and (n,n) quadrants
show two strongly coupled quantum dots. The (p,n) and (n,p) quadrants contain sharp honeycomb
features and a separation by eye of the four quadrants is intuitive. Yet, in the low occupation regime
the stable charge configurations are not well distinguished and it remains challenging to determine
the exact number of electrons/holes in the two respective dots.

The gatel-gate3 map of CNT FA3-2 showed a behaviour mostly analogous to FA3-1 and the regions
of different coupling will thus not be explained again. However, this map is still interesting, as the
behaviour around zero to small positive gate voltages hints at the formation of a third quantum dot in
between the two original quantum dots. In this region, the quantum dots formed by gate 1 & gate 3 are
tuned to an n-state and the barrier voltage applied at gate 2 (—3 V) is strong enough to form a p-doped

quantum dot in between them. The arising pn-barrier between the quantum dots leads to a weaker
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Figure 5.24: Gate1l-gate3 differential conductance map of device FA3-2, with gate 2 at -3V, gate

VgB (V)

4 at 0V and zero bias voltage. Strong coupling and single dot formation occurs in the (n,n)
and (p,p) quadrants, while (p,n) and (n,p) show the honeycomb structure of intermediate
coupling. At slightly positive gate voltages, it appears that a (n,p,n) triple dot is formed in
the highlighted range. The scheme on the right side shows the energy structure of a triple

quantum dot with (n,p,n) tuning.
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coupling. Since the CNT has a vanishing bandgap, the separation between the triple dot configuration
and different double-dot states is not as clearly expressed as for devices with a larger gap [212]. In
order to form this triple-dot, only three of the five local gates were used. Therefore, a device with five
functional gates should be even better suited and allow for more control over the triple dot.

Overall, this section showed that for all devices measured we could induce and measure double-
quantum dots with, for the most part, clean behaviour suited for more advanced measurements. The
good coupling to the leads, that is one of the key properties of these stamped CNT-devices, comes at
the cost of more washed out features in these charge stability diagrams since it is easier for charges
to tunnel into or out of the quantum dot. The vanishing bandgap between electrons and holes also
complicates the identification of exact charge states which makes the usage of the double quantum
dot (e.g. as a platform for a qubit) more challenging. Good coupling also implies, that any signal that
could disturb a prepared quantum state in the double quantum dot is more likely to be transmitted
from the leads into the CNT which causes state lifetimes to be shorter. With the larger number of local
gates, we can, however, close the double quantum dot by properly tuning the barrier gates between

the quantum dots and the leads.

5.4.3 Nanoelectromechanics in stamped carbon nanotubes

Since the contact electrodes fabricated for devices with CNTs integrated with the transfer technique
were high enough to support suspended CNTs, measurements on nanoelectromechanical properties
were performed and a selection is presented in the following. The measurement procedure is the
same that was used for NEMS using CNTs integrated by a top-growth process and relies on current

rectification in order to create a measurable modification to the electronic conductance.

Comparison of local rf-gate and antenna for mechanical resonance measurements for CNT EA5-1

The devices fabricated using the stamping technique were the first generation to include the bias-T on
PCB and thus allowed us to apply an rf-signal not only via a wirebonded antenna but also by using one
of the local gates (gate 4). Due to a limited number of rf-lines inside the cryostat only one CNT per chip
(EA5-1 and FA3-1) was equipped with an rf-gate. As a proof of principle, CNT EA5-1 was cooled down
with both redundant rf-application possibilities. In figure 5.25 a comparison measurement between a
signal applied via the antenna and a signal applied via the local gate is shown. All other parameters
were unchanged between measurements. The resonance detected when the rf-gate was used is both
broader and larger in amplitude signalling a higher ac-field strength at the CNT. Though the working
point apparently drifted slightly between measurements, identifiable by the conductance difference in
the order of 3%, no drift can explain the broadening and thus the higher power acting on the CNT.
The effect of stronger coupling when using the local rf-gate can be even better visualised when
measuring the power dependence of the mechanical resonance for both possibilities. In figure 5.26
the power dependence of the mechanical resonance is plotted for both the local rf-gate as well as the
wirebonded antenna. The most striking difference is the lower power threshold at which the resonance,

here manifesting as a drop in conductance, can be detected. For the antenna, the minimum power,
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Figure 5.25: Power dependence of resonance sweeps measuring differential conductance as a
function of applied rf-frequency via a wirebonded antenna a) or a local gate b).
The resonance can be detected for signals that are at least 10 dB smaller when sending the
signal via the local gate. ¢) and d): Resonance sweeps measuring differential conductance
as a function of applied rf-frequency at —40 dBm when applied via a wirebonded antenna

c) or a local gate d) show a clear difference in terms of amplitude and resonance width.

at this working point, at which the resonance could be detected was —41 dBm while the resonance
was still visible at the lowest values of this measurement —50 dBm when using the local gate. When
extending the power range to lower values (not shown) the resonance soon vanishes in the noise.
Therefore, it is reasonable to assume that the power of the rf-signal arriving at the CNT is at least a
factor ten higher when compared to using an rf-antenna. While this difference in measured signal
could be compensated by using different attenuators to achieve the same effective power, for the
cryogenic environment it is beneficial to send less overall power since less power causes less heating
and less disturbance. In our setup, powers upwards of * —40 dBm arriving at the attenuators at the
mixing chamber stage result in a measurable temperature increase of hundreds of microkelvin with
increased heating for increased rf-power. In order to keep the device and the cryostat well thermalised

to base temperature, having to send less power is thus favourable.

Mechanical resonance spectrum of CNT EA5-1

In the following section we explore the rich spectrum of bending modes of the CNT (see section 2.4.5.
To measure the different harmonics of the bending modes we performed a frequency sweep over a
large range of frequencies. In order to identify resonances as modes of the CNT and not the setup,
we performed such a sweep for several gate voltages in a range spanning across one Coulomb peak.
For the following measurements, only the local rf-gate has been used. If a peak/dip is caused by a
physical system and not just noise, the resonance will appear as a sharp feature visible for several

gate voltages. Since gate resolution needed to be sacrificed as a trade-off for the increased frequency
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Figure 5.26: Power dependence of resonance sweeps measuring differential conductance as a
function of applied rf-frequency via a wirebonded antenna a) or a local gate b).
The resonance can be detected for signals that are at least 10 dB smaller when sending the

signal via the local gate.

span, this method only serves to give a rough idea of spring softening etc. Figure 5.27a) presents
such a two-dimensional measurement where the visible horizontal lines show the positions of the
stronger resonance signals detected. A full overview of the frequencies where a resonance feature was
found is given in table 5.1. It is apparent that some frequencies are multiples of another hinting at
harmonics of one fundamental mode. Nevertheless, harmonic frequencies do not have to be at the
exact multiple of the fundamental mode, e.g. caused by the differing influence of slack [81], which
makes the identification of the mode delicate. Since the rf-signal was applied asymmetrically beneath
the CNT on gate 4, it is easier to excite higher modes compared to a symmetric application on the
central gate or a far away antenna.

When zooming in on the gate-dependence of the different resonances and plotting the difference
to the average of a trace for the zoom, some intriguing details can be noted. All selected resonances
feature a weak but finite change of spring constant and are therefore resonances caused by the CNT
and no standing waves or LC-modes in the setup. For the resonances at 124 MHz and 232 MHz the
motion amplitude was large enough that the induced conductance signal changed sign. Comparing
the resonances at 95 MHz and 247 MHz, it becomes apparent that the bifurcation direction is opposite,
which is visualised by the sudden colour change in a vertical trace. This is unexpected and cannot be
explained by a tunnelling induced modification of the Duffing parameter as this would be identical in
both cases. It is therefore more likely that this behaviour is caused by the mechanical properties of
the CNT, i.e. that different vibration modes possess different Duffing parameters or that there was a
second unidentified CNT.
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Figure 5.27: Conductivity response to applied rf-frequencies as function of gate voltage. The

colour code plots the difference to the average of each vertical trace. The left panel a)
shows the full measured frequency range with a multitude of resonances summarised in
table 5.1. The four right panels b)-e) show a zoom-in on the most prominent resonance
features. The resonance at 94 MHz shows a bifurcation in the opposite direction to the
other resonances. The resonance at 124 MHz has a large amplitude jump in the centre of

the resonance resembling the behaviour of the phase of a harmonic oscillator at resonance.
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Frequency signal strength notable properties

41 MHz weak -

62 MHz medium =~ 3/2 of 41 MHz

82.5 MHz weak -
bifurcating towards

95 MHz very strong . .
high frequencies

100 MHz very weak -

109 MHz very weak -

116 MHz weak -

124 MHz very strong ~3x 41MHz, odd
resonance shape

178 MHz weak -

200.5 MHz medium ~ 2x 100 MHz

218 MHz weak ~ 2x 109 MHz

232 MHz strong ~ 2x 116 MHz

248 MHz strong ~ 6x 41 MHz

Table 5.1: List of the resonances detected in figure 5.27. Some of the resonances appear to be more

or less multiples hinting at the presence of harmonics.

Besides measuring the spring constant softening occurring when crossing Coulomb peaks, measuring
the resonance frequency as a function of a broader gate range provides additional insights on the
internal mechanical stress. As introduced in the theory section 2.4.3, the dependence of the resonance
frequency on the gate voltage over a broad range gives an estimation on the ratio of flexural and
axial rigidity. In figure 5.28 the gate dependence of a resonance of CNT FA3-1 is shown for an applied
gate voltage between -3 and 0 V. The resonance frequency change has the shape of a half-parabola
which locates the CNT in the bending limit where the flexural rigidity dominates over internal tension.
Since the signal strength depends on the curvature of the conductance gz—‘g, the resonance cannot be
measured at arbitrary positions and some traces thus show no signal. The frequency changed from
about 80 MHz to almost 120 MHz, so about 50 %, which could easily be extended by increasing the
gate voltage. This possibility to tune the resonance frequency by such a large amount might prove
beneficial for future applications, e.g. when matching the CNT mechanical mode to a resonator of

fixed frequency or to fit a band-pass filter.
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Figure 5.28: Resonance frequency as a function of applied gate voltage. The applied rf-power
was —50 dBm. The resonance frequency shows quadratic dependence, emphasised by the
well matching quadratic fit, on the applied dc-gate voltage indicating behaviour in the

bending limit.
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This thesis was originally aimed at coupling a suspended CNT to a single-molecule magnet making it a
sensitive magnetometre while also being suited to read out the molecular spin states. During the years,
while never abandoning this original target, the focus of this work shifted towards the more controlled
fabrication of carbon nanotube nanoelectromechanical systems (NEMS) as well as experiments on
them studying their intrinsically rich physics.

In order to study a suspended CNT, the first step is to obtain a suspended CNT and therefore large
parts of the work went into the nanofabrication of such devices and the growth of the CNTs in a
chemical vapour deposition process. To achieve this, the project branched into two possibilities: The
growth of CNTs directly on the metal contact electrodes and a growth on a second chip with later
integration via a ’stamping’ process transferring the CNT onto the metal electrodes.

The growth on the metal electrodes, or ’top-growth’, forced constraints on the nanofabrication in
terms of usable materials and circuit design, due to the high temperatures and reactive gases used
during the growth process as well as the non-deterministic growth process. Molybdenum, platinum
and titanium were used as resilient, high melting point materials suited to form the metallic circuit
of the chip. The evaporation of molybdenum proved to be delicate as it needs to be heated to very
high temperatures to establish a reasonable evaporation rate which caused a destructive heating of the
resist mask on the chip. This heating problem could be mitigated by cooling both the chamber walls
and the sample holder using liquid nitrogen and a slow, stepwise evaporation procedure. The devices
fabricated this way were successfully used for top-growth processes and, while they may change their
texture during the chemical vapour deposition, they did not fail in their functionality and provided
four to five local gates as well as high contact electrodes to support suspension.

As a consequence of the non-deterministic nature of the CNT growth process, an additional insulating
layer covering the local gate electrodes was introduced in an atomic layer deposition process in order to
screen the gates from randomly growing CNTs and displaced catalyst nanoparticles. Earlier tests using
evaporated aluminium oxide showed leakage after the CNT growth, most likely due to an annealing
process forming conductive channels. The aluminium oxide grown in the atomic layer deposition
proved to be more resilient and no leakage was detected if not for metal-circuit misalignments

The chemical vapour deposition used to grow CNTs was optimised. By tuning the parameters of the
growth process, the damage inflicted to the metal circuit was reduced and a reasonable yield of devices
with a single CNT per junction achieved. Essential for this was the introduction of short heating and
cooldown times by quick loading and removal of the sample. This way, less damage was inflicted to
the metal circuit and the overall CNT yield was reduced, pushing the process more in the limit of

zero or one CNT per junction. This resulted in an easier room-temperature analysis, since resistance
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measurements are simplified to a binary question where a finite resistance was most of the time caused
by a single CNT and no resistance showed the absence of CNTs. The contact resistance between
the CNTs and the platinum film at the contacts was very small, comparable to other state-of-the-art

devices fabricated at different groups.

The devices created with the top-growth technique were analysed in a dilution cryostat at mK-
temperatures and their electronic transport properties measured. They showed a trend towards
favoured hole-conductance and sometimes even fully suppressed electron-conductance. The measured
differential conductance maps showed features of Coulomb blockade, cotunnelling effects and negative
differential conductance indicating a suspended CNT with good contact quality. By tuning two or
more gates, double quantum dots were induced in the CNT and the interdot coupling could be tuned
by using dc electric fields created by the local gates.

Using a wirebonded antenna, rf-signals were sent to the CNT to induce mechanical motion and
detect mechanical bending modes. The CNTs showed mechanical resonances at frequencies between
100-450 MHz with quality factors up to 10000. By tuning the dc-gate voltage, spring softening due
to electronic conductance was detected resulting in a measurable electron-phonon coupling. The
resonance shape followed the bifurcating behaviour of a Duffing oscillator down to lowest powers at
which the resonance was still visible. Using a setup with better filtering and less noise, the devices
could have been studied at lower driving powers and the maximum quality factor enhanced, due to

less power broadening.

The second branch of devices investigated consisted of CNT NEMS where the CNT was grown
on a second comb-like chip and integrated into the metal circuit with a stamping procedure inside a
scanning electron microscope. This approach was implemented in the group during the course of this
thesis and offered the two benefits of not exposing the metal circuit to the high temperatures of the CNT
growth and giving us the opportunity to not expose the CNT to air at the cost of spatial constraints
on the circuit chip due to the space requirements of the nano-assembly and limited mass-fabrication
capabilities.

The assembly setup used inside the electron microscope provides the opportunity to anneal the CNT-
metal contact in-situ and without the need to transfer it into another piece of equipment. The low
contact resistances achieved are very low and can match the values obtained for top-growth processes
or top-down fabrication approaches. This enables experiments in the open quantum dot regime. From
the vacuum chamber of the electron microscope, devices could be transported to the cryostat without
breaking vacuum where they were transferred into the already cold environment. This way, the CNTs
were never exposed to air and contaminations reduced to a minimum.

The devices produced with the stamping technique overall showed cleaner conductance measurements
with more regular features and often a higher conductance value. Whereas top-growth devices favoured
hole-conductance, devices with stamped CNTs showed stronger electron conductance - an effect that
arises during the annealing procedure. Due to the four to five working gate electrodes, double quantum
dots could be induced as well with complete tuning capabilities for the interdot coupling providing

clean charge stability diagrams. The CNTs showed a rich mechanical resonance spectrum, again
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with the expected bifurcations, dc gate tunability of the resonance frequency by more than 50 % and

comparable quality factors.

In order to accomplish the deposition of single-molecule magnets onto CNTs and to provide an
alternative to the previously used dropcasting method which exposes the CNT to organic solvents, an
existing evaporation chamber was remodeled. The evaporation system was equipped with a vacuum
load-lock to enable the functionalisation of the CNT without unnecessary air exposure and up to
three crucibles with different materials to evaporate. TbPc, molecules were evaporated on each of
the measured devices top-growth devices and several stamped devices, and the response analysed in
the cryostat. However, none of the devices showed a signature that could clearly be attributed to a
single-molecule magnet. The most probable reason for this lies in the statistical nature of this process
where a single molecule needs to collide with the few nanometre wide suspended CNT with a fitting
velocity, angle and orientation in order to stick to it at a position where it influences the electronic

transport properties.

This functionalisation of a CNT with a single-molecule magnet is a non-deterministic process that
requires larger numbers of samples in order to yield a reasonable number of devices that couple to
one or two single-molecule magnets in a clean and controllable fashion. Using the large sensitivity
of CNTs, the non-deterministic could be turned deterministic in the future. Since the mechanical
resonance frequency and the conductance of CNTs will shift if additional molecules attach to it, an
in-situ monitoring of these properties would provide greater control over the deposition process. In
order to measure the CNT as a mechanical resonator with a large quality factor, low temperatures are
needed that are not obtainable in the currently used evaporation chamber. The ideal solution is an
evaporation system integrated into the dilution cryostat that is later used for cryogenic measurements
on the device since this way, the least possible number of steps is needed between sample preparation
and measurement yielding the cleanest devices. The implementation of such a setup is non-trivial and
requires smart engineering, given the constraints of space caused by shielding, lines and the metal
backbone of the cryostat and given the heat produced in the thermal evaporation of the single-molecule
magnets used in this thesis (~ 400 °C) which does not really suit a cryogenic environment. Nonetheless,
there might be an intermediate solution possible when using the vacuum-transfer setup developed in
our group.

While a reliably working nanofabrication process for top-growth CNT NEMS was established,
there is always room for improvements. Due to the growth process behaviour drifting over time,
readjustments might be necessary in the future. By optimising the insulating oxide height or using a
high x dielectric like hafnium oxide, the gate coupling could be enhanced. The atomic layer deposition
process in itself was not optimised with respect to other parameters than insulation and the defect
density is probably far above the minimum of what is possible, inducing electric field jittering which
causes noise in the measurement. The choice of different contacting materials could improve the device

behaviour or cause new phenomena like superconductivity, e.g. in case of Mo-Re [176].

With the deterministic approach of the stamping technique more complex device geometries could
be explored. Due to the precise positioning capabilities, experiments using the CNT as a charge sensor

measuring e.g. the charge configuration of a double quantum dot in a nearby circuit, can be imagined.
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It also allows to imagine hybrid-systems where a CNT couples to e.g. a single-photon emitter in the
vicinity or acts as a one-dimensional gate electrode for graphene. Generally, the option of combining
the nanoassembly techniques of two-dimensional van-der Waals materials and one-dimensional carbon
nanotubes allows to envision new, complex device geometries.

Overall, during this thesis CNT NEMS were fabricated and measured at cryogenic temperatures. The
devices showed rather clean and textbook behaviour and allowed the measurement of double quantum
dots as well as the mechanical resonances of the suspended CNT. The coupling to single-molecule
magnets could not be shown, which could potentially be fixed by measuring larger number of devices
at the cost of other measurements. Adding the experimental setup improvements, all building blocks
are now in place to perform more advanced experiments such as a cooling of the mechanical oscillator
to the ground state [201, 202], forming mechanical cat states [92], inducing a spin qubit in the CNT

[4], building a CNT magnetometre and more.
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Appendix A

In this appendix, the parameters used for the nanofabrication process of the devices are being presented

for both top-growth as well as stamping devices.

Fabrication Recipe for top-growth devices

In this section, the nanofabrication recipe up to the point of the CNT growth is being presented.

Chip-preparation

« Spincoating p-doped Si-wafer using S1818! as protective resist layer. Spincoating parameters:
4000 rpm, 500 rpm/s, bakeout @ 80 °C for 300 s

« Dicing wafer in pieces of 15x15 mm?
» Removing resist using acetone in high-power ultrasonic bath for 5 min

» Removing acetone with isopropanole (IPA) in high-power ultrasonic bath for 5 min, blow drying

using pressurised Nj

» Removing solvent residues in O, plasma asher, 5 min, 200 W, 25 sccm.

Alignment markers

« Spincoating of S1805 (4500rpm 70s, bakeout 70s @ 115°C)
» Exposure 4s, 356 nm, Intensity 13 mW cm ™2

« Development 40s in AZ MIF 7262, stop 30s in destilled water

« Evaporation 5nm Ti (rate: ~ 0.2nms™ '), 40nm Au (rate idem)

« Lift-off in hot 1-ethyl-2-pyrrolidone (NEP) or dimethyl sulfoxide (DMSO) for >1h @90°C

« Acetone for 4-5 minutes, medium power in ultrasonic bath

« IPA for 2-3 minutes, medium power in ultrasonic bath, blow drying using N2

1 URL: https://www.microresist.de/en/produkt/microposit-s1800-g2-series/, last access: 07/04/24
2 'URL: https://www.microchemicals.com/products/developers/azr_726_mif_developerhtml, last access: 07/04/24
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Local gates
» Spincoating:
Bottom layer: PMMA 600K 2%, 4000rpm, bakeout 150s @ 150°C, 60nm thickness
Top layer: PMMA 950K 2.25%%, 2000rpm, bakeout 150s @ 150°C, 60nm thickness
« E-beam exposure: 600 pC cm™2, 50 kV
« Developing: 45s in AR 600-56> or methyl isobutyl ketone(MIBK):IPA (1:3), stopping in IPA
« Evaporation: 2 nm Ti (rate: ~0.2nms™!), 8 nm Mo (rate: ~0.1nms™!)
« Lift-off in hot NEP or DMSO for >1h @ 90°C

« Acetone for 4-5 minutes, medium power in ultrasonic bath

« IPA for 2-3 minutes, medium power in ultrasonic bath, blow drying using N2

Gate bondpads

« Spincoating of S1805! (4500rpm 70s, bakeout 70s @ 115°C)

« Exposure 4s, 356 nm, Intensity 13 mW cm ™2

« Development 40s in AZ MIF 7262, stop 30s in destilled water

« Evaporation 5nm Ti (rate: ~ 0.2nms™!), 70nm Pt (rate 0.1-0.2nms™?)

« Lift-off in hot 1-ethyl-2-pyrrolidone (NEP) or dimethyl sulfoxide (DMSO) for >1h @ 90°C
« Acetone for 4-5 minutes, medium power in ultrasonic bath

« IPA for 2-3 minutes, medium power in ultrasonic bath, blow drying using N2

Insulating oxide

« Atomic layer deposition, using 150-250 cycles to reach ~ 15-25 nm @ 250 °C
« using ozone or Oy-plasma for surface cleaning during process initialisation

« used process gases for Al,Os: H,O and trimethylalumium

3 URL: https://www.allresist.com/portfolio-item/e-beam-resist-ar-p-662-series/, last access: 07/04/24
URL: https://www.allresist.com/portfolio-item/e-beam-resist-ar-p-672-series/, last access: 07/04/24
URL: https://www.allresist.com/portfolio-item/developer-ar-600-56/, last access: 07/04/24
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Contact electrodes

« Spincoating;:
MMA/PMMA copolymer®; 2000 rpm 60s, 180s @ 185°C baking
PMMA 950K 4.5%* ; 6000rpm 60s, 150s @ 150°C baking

« Exposure: E-beam 50 kV, 400 uC cm™2
« Exposure: Deep-UV (no filter), 2100 s, 500 W

« Developing 45s in AR 600-56° or MIBK:IPA (1:3), stopping in IPA or 90s in IPA:water (3:1) @6°C

for 90s, stop in water

« Evaporation @ —80 °C sample holder temperature, cooled chamber walls: 5nm Ti (rate: ~ 0.2 nm s~ 1),
70nm Mo, 70 nm Pt (rate 0.1-0.2 nms™')

+ Molybdenum evaporation: two times 35 nm with pause to cool down to base temperature. 35 nm

split into 7 times 5nm (rate 0.07 nm s~!) with 90 s break with closed sample shutter in between.
« Lift-off in hot NEP or DMSO for >1h @ 90°C
« Acetone for 4-5 minutes, medium power in ultrasonic bath

« IPA for 2-3 minutes, medium power in ultrasonic bath, blow drying using N2

Catalyst islands

« Spincoating: Bottom layer: PMMA 950K* (1000rpm, 150s @ 150°C)
Top layer: PMMA 950K* (1000rpm, 150s @ 150°C)

« Exposure e-beam lithography, 50kV , 400 uC cm™2
« Developing 45s AR 600-56°, stop in IPA
« Dropcasting catalyst solution or dipping into solution

« Carefully removing the PMMA in acetone (no ultrasonics), using three beakers. 5s in first, 5s in
second and 360 s in third.

« rinsing in IPA for 30 s, blow drying using N2

« O;-plasma asher, 2 min, 25 sccm, 45 W

Fabrication Recipe for stamping devices

In this section, the nanofabrication recipe up to the point of wirebonding for stamping is presented.

6 https://www.allresist.com/portfolio-item/e-beam-resist-ar-p-617-series/, last access: 07/04/24
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Chip-preparation

« Spincoating p-doped Si-wafer using S1818! as protective resist layer. Spincoating parameters:
4000 rpm, 500 rpm/s, bakeout @ 80 °C for 300 s

« Dicing wafer in pieces of 20x20 mm?
» Removing resist using acetone in high-power ultrasonic bath for 5min

« Removing acetone with isopropanole (IPA) in high-power ultrasonic bath for 5 min, blow drying

using pressurised N

» Removing solvent residues in O, plasma asher, 5 min, 200 W, 25 sccm.

Alignment markers

« Spincoating of S1805 (4500rpm 70s, bakeout 70s @ 115°C)

« Exposure 4s, 356 nm, Intensity 13 mW cm™2

« Development 40s in AZ MIF 7262, stop 30s in destilled water

« Evaporation 5nm Ti (rate: ~ 0.2nms™ '), 40nm Au (rate idem)

« Lift-off in hot 1-ethyl-2-pyrrolidone (NEP) or dimethyl sulfoxide (DMSO) for >1h @90 °C
« Acetone for 4-5 minutes, medium power in ultrasonic bath

« IPA for 2-3 minutes, medium power in ultrasonic bath, blow drying using N2

Local gates

« Spincoating:
Bottom layer: PMMA 600K 2%3, 4000rpm, bakeout 150s @ 150°C, 60nm thickness
Top layer: PMMA 950K 2.25%%, 2000rpm, bakeout 150s @ 150°C, 60nm thickness

« E-beam exposure: 600 pC cm™2, 50 kV

« Developing: 45s in AR 600-56> or methyl isobutyl ketone(MIBK):IPA (1:3), stopping in IPA
« exemplary Evaporation: 3 nm Ti (rate: ~ 0.2nms™'), 10 nm Al (rate: ~ 0.5nms™!)

« Lift-off in hot NEP or DMSO for >1h @ 90°C

« Acetone for 4-5 minutes, medium power in ultrasonic bath

« IPA for 2-3 minutes, medium power in ultrasonic bath, blow drying using N2
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Contact electrodes

The exact metal stack composition and resist stack used varied. One example is given here:

« Spincoating;:
MMA/PMMA copolymer®; 2000 rpm 60s, 180s @ 185°C baking
PMMA 950K 4.5%* ; 6000rpm 60s, 150s @ 150°C baking

« Exposure: E-beam 50 kV, 400 uC cm™2

« Developing 45s in AR 600-56° or MIBK:IPA (1:3), stopping in IPA or 90s in IPA:water (3:1) @6°C

for 90s, stop in water

« Evaporation @ —80 °C sample holder temperature, cooled chamber walls: 5nm Ti (rate: ~ 0.2 nm s™?!),
100nm Nb (rate: ~ 0.3 nms™!), 10 nm P (rate 0.4 nm s™!) with 90 s break with closed sample shutter

in between.
« Lift-off in hot NEP or DMSO for >1h @ 90°C
« Acetone for 4-5 minutes, medium power in ultrasonic bath
« IPA for 2-3 minutes, medium power in ultrasonic bath, blow drying using N2
Chip-dicing

« Spincoating using S1818! as protective resist layer. Spincoating parameters:
4000 rpm, 500 rpm/s, bakeout @ 80 °C for 300 s

« Dicing wafer
» Removing resist using acetone in high-power ultrasonic bath for 5 min

» Removing acetone with isopropanole (IPA) in high-power ultrasonic bath for 5 min, blow drying

using pressurised N
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