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Abstract

Graphene is an exceptionally versatile material, renowned for its robustness, strong light-matter
interactions and high electrical conductivity. It can even acquire superconducting properties
through proximity effects with superconducting electrodes or by stacking two layers of gra-
phene with a relative twist angle of 1.1 ◦. The incorporation of graphene into hybrid device
architectures combining superconducting and high-frequency circuit elements enables parame-
tric amplification, single-photon detection and innovative qubit designs. At the same time, these
components open new pathways to investigate the fundamental properties of graphene.

In this thesis, various complex graphene devices are engineered by integrating van der Waals
materials, superconductors, and high-frequency circuits into hybrid architectures to explore
light-matter interactions. Lithographic techniques were optimized to create micro- and nano-
structured samples comprised of exfoliated as well as large-area, polycrystalline graphene. Tai-
lored for the investigation of light-matter interactions, these devices provide a versatile plat-
form to study the charge carrier transport in graphene under electromagnetic radiation in the
microwave spectrum. Radio-frequency and microwave signals used in low-temperature magne-
totransport measurements revealed signatures of nuclear spin effects in isotopically purified 13C
graphene. To enhance the coupling efficiency of the radiation, hybrid circuits integrating large-
area and exfoliated graphene with high-frequency waveguides were engineered for microwave
spectroscopy experiments. However, the absence of resonant features in experiments suggests
that an unknown mediator facilitating momentum transfer in electron spin resonance may be
missing in pristine graphene.

Fabricating superconducting electrodes for graphene-based Josephson junctions (JJs) with
sufficient electrical transparency to graphene proved technologically challenging and necessi-
tated the substitution of niobium with titanium-aluminum. Under small magnetic fields, the-
se aluminum-graphene junctions exhibited quantum interference effects that are attributed to
Tomasch and McMillan-Rowell oscillations. These advancements in device performance pa-
ve the way for the integration of graphene JJs into superconducting microwave circuits, hol-
ding tremendous potential for quantum technologies, dark matter axion search and advan-
ced photosensing applications.

In an alternative approach for light-matter interaction in a different spectral regime, asymme-
tric metallic grating gates on top of high-quality graphene structures enabled the rectification
of sub-THz-radiation via plasmonic excitations. The photoresponse of these detectors is influ-
enced by the incident frequency, temperature, and doping in the graphene channel, with their
sensitivity estimated to be in the order of ∼ 10−12 W/Hz1/2.
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Zusammenfassung

Graphen ist ein äußerst vielseitiges Material, bekannt für seine Robustheit, starke Licht-Materie-
Wechselwirkungen und hohe elektrische Leitfähigkeit. Es kann sogar supraleitende Eigenschaf-
ten erlangen, etwa mittels Proximity-Effekt mit supraleitenden Elektroden oder durch das An-
ordnen zweier Graphenschichten mit einem relativen Rotationswinkel von 1,1 ◦. Die Einbin-
dung von Graphen in hybride Architekturen, die supraleitende und hochfrequente Schaltungs-
elemente kombinieren, ermöglicht parametrische Verstärkung, Einzelphotonendetektion und in-
novative Qubit-Designs. Gleichzeitig stellen diese Komponenten neue Möglichkeiten zur Erfor-
schung der grundlegenden Eigenschaften von Graphen dar.

In dieser Arbeit werden vielfältige Graphen-Devices durch die Integration von van der Waals-
Materialien, Supraleitern und Hochfrequenzschaltungen in hybride Architekturen entwickelt,
um Licht-Materie-Wechselwirkungen zu untersuchen. Lithografische Techniken wurden opti-
miert, um Mikro- und Nanostrukturen herzustellen, die sowohl aus exfoliertem als auch aus
großflächigem, polykristallinen Graphen bestehen. Diese sind auf die Untersuchung von Licht-
Materie-Wechselwirkungen zugeschnitten und bieten eine vielseitige Plattform zur Untersu-
chung des Ladungsträgertransports in Graphen unter elektromagnetischer Strahlung im Mikro-
wellenspektrum. Tieftemperaturmessungen mit Radiofrequenz- und Mikrowellensignalen bei
hohen Magnetfeldern zeigten Anzeichen von Kernspineffekten in isotopenreinem
13C Graphen. Um die Einkopplung der Strahlung zu verbessern, wurden hybride Schaltungen
für Experimente der Mikrowellenspektroskopie entwickelt, die großflächiges und exfoliertes
Graphen mit hochfrequenten Wellenleitern kombinieren. Das Fehlen von Resonanzen in den
Experimenten deutet auf einen unbekannten Mechanismus hin, welcher den Impulsübertrag für
Elektronenspinresonanz erleichtern könnte, jedoch in reinem Graphen fehlt.

Die Herstellung supraleitendender Elektroden für graphenbasierte Josephson Kontakte
(engl. Josephson junctions, JJs) mit ausreichender Transparenz erwies sich als technologisch
herausfordernd, weshalb Niob durch Titan-Aluminium ersetzt werden musste. Bei kleinen Ma-
gnetfeldern zeigten diese Aluminium-Graphen-Kontakte Quanteninterferenzeffekte, die auf To-
masch- und McMillan-Rowell-Oszillationen zurückzuführen sind. Die dargestellten Fortschritte
in der Deviceperformance ebnen den Weg für die Integration von Graphen-JJs in supraleitende
Mikrowellenschaltungen, welche ein enormes Potenzial sowohl für Quantentechnologien, der
Suche nach dunkler Materie und für neuartige Photodetektoren bieten.

Asymmetrische metallische Gitterelektroden auf hochqualitativen Graphenstrukturen stellen
einen alternativen Ansatz dar, um Licht-Materie-Wechselwirkungen in einem anderen Frequenz-
bereich mittels plasmonischer Anregungen zu erforschen. Das Detektorsignal wird von der ein-
fallenden Frequenz, Temperatur und Dotierung im Graphen beeinflusst, wobei ihre Empfind-
lichkeit auf etwa ∼ 10−12 W/Hz1/2 geschätzt wird.
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1. Introduction

Materials science is at the heart of scientific progress and basic research. Novel material com-
positions can expand the frontiers of physics and inspire new technologies with a lasting impact
on our everyday lives. Rarely a discovery had such an impact as the one by Novoselov et al.

in 2004 of atomically thin carbon films, called graphene.1, 2 Layers of two-dimensional (2D)
materials such as graphene are held together in the bulk crystal by weak van der Waals (vdW)
forces that allow separation into individual monolayers by mechanical exfoliation. The ability
to vertically arrange sheets of different exfoliated vdW materials into complex heterostructures
revolutionized condensed-matter physics.3–6 To this day, researchers rely on the same mechan-
ical exfoliation method which Novoselov et al. employed over two decades ago to isolate a
single layer of graphene. By repeated peeling with a simple adhesive tape, bulk graphite can
be thinned down to atomically thin sheets and transferred onto a silicon substrate, as shown in
figure 1.1.

Figure 1.1.: Optical image of an exemplary silicon substrate after mechanical exfoliation of
graphene. Among glue residues and thick graphite flakes, thin graphene can be
found, as shown in the magnified view on the right.

Remarkably, using a simple optical microscope, this single layer of carbon atoms can be seen
by the human eye. This observation is permitted by the surprisingly strong light-matter inter-
actions in graphene. The distinctive optical properties, with an absorbance of ∼ 2.3 %, arise
from its unique electronic structure.7–10 The gapless and linear bandstructure of graphene hosts
quasi-relativistic charge carriers and leads to broadband light absorption.10–12 Thus, electromag-
netic radiation ranging from the ultraviolet to the microwave regime can be utilized to probe the
intrinsic properties and charge carrier dynamics of graphene.13, 14
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One powerful technique to assess the low energy spectrum of graphene is electron spin reso-
nance (ESR).15–19 Analogous to nuclear magnetic resonance (NMR), ESR constitutes the elec-

tron spin counterpart of magnetic resonance spectroscopy, however, on a thousand times larger
energy scale for graphene (tens of µeV). In ESR, microwave radiation activates transitions be-
tween discrete electron spin-split states.20 Previous studies employed resistively-detected ESR
at low temperatures with µeV accuracy to resolve effects of intrinsic spin-orbit coupling,17, 21

sublattice symmetry breaking18 and nuclear spins19 on the graphene band structure. However,
the sensitivity of these ESR studies was limited by technological challenges such as the inef-
ficient coupling of microwave radiation and their use of polycrystalline graphene with inferior
electronic quality.22, 23

The implementation of high-quality complex vdW heterostructures into tailored
high-frequency circuits with precise coupling enables sensitive microwave spectroscopy of their
physical phenomena. Interestingly, stacks of different vdW materials not just inherit the proper-
ties of their individual layers, but also new properties emerge, that can be controlled by carrier
concentration or an interlayer twist angle. The most prominent example of such a structure is
magic-angle twisted bilayer graphene (MATBG), which consists of two sheets of graphene ro-
tated by ∼ 1.1 ◦.24 The rotational alignment of the two hexagonal graphene lattices gives rise to
a moiré superlattice that drastically alters the bandstructure and leads to strong electron corre-
lations with Mott insulating and superconducting states.24, 25 The nature of this unconventional
superconductivity is still not fully understood and microwave studies may provide new insights,
e.g., by probing the kinetic inductance.26–28

Apart from this unique kind of intrinsic superconductivity emerging in MATBG, supercon-
ductivity can also be induced in graphene via the proximity effect in the form of graphene
Josephson junctions (GJJs).29–31 Although the superconductivity originates from the supercon-
ducting electrodes, such as aluminum, the properties of the GJJ are determined by the graphene
that acts as the weak link. The electrostatic control of graphene’s charge carrier type and den-
sity allows precise tuning of the GJJ parameters. This significant advantage over conventional
superconductor-insulator-superconductor junctions makes GJJs especially appealing for hybrid
superconducting quantum technologies, providing gate tunable qubits,32 parametric amplifica-
tion with gate tunable working frequency33, 34 and microwave bolometers by coupling GJJs to
high-frequency resonators.35, 36 These microwave bolometers and similar GJJ detectors harness
the exceptional thermal properties of graphene to unlock single photon sensitivity from the near-
to the far-infrared regime.35–38

The low energy of photons of this spectral domain ranging from megahertz (MHz) to terahertz
(THz) is challenging for materials used in established technologies. Due to its exceptional prop-
erties, graphene has been identified as the ideal candidate material for photodetectors, bridging
the gap between photonics and electronics. Based on either superconducting GJJs or on plas-
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monic devices,39–41 graphene provides high sensitivities with outstanding tunability, detection
speed and bandwidth, which is useful for applications in telecommunication37, 42, 43 and dark
matter axion research.44, 45

In this thesis, vdW materials, superconductors and high-frequency circuits are fused into hy-
brid architectures tailored for the investigation of light-matter interactions in graphene across the
microwave spectrum. The unique properties of graphene will be described in chapter 2, along
with superconducting effects in graphene. While this work mainly covers superconducting de-
vices, it also briefly addresses plasmonic effects as both topics constitute essential theoretical
concepts for the graphene-based photosensing approaches. Finally, the experimental technique
of magnetic resonance spectroscopy will be introduced as well as the enabling technology of
microwave transmission lines.

A significant part of this thesis is dedicated to the fabrication of hybrid graphene devices. The
initial research of this group (and this thesis) was based on large-area, polycrystalline graphene.
This work transitioned to high-quality exfoliated graphene devices that are essential for ex-
ploring novel emergent phenomena. Consequently, several key processes had to be developed
from scratch, such as the assembly of vdW materials, the engineering of nanostructured super-
conducting electrodes, and the patterning of microwave circuits. The substantial technological
advancements are presented along with a detailed description of the device fabrication, the mea-
surement procedures and cryogenic setups in chapter 3.

The experimental results, the associated analysis and discussion are presented in chapter 4. It
starts with the investigation of nuclear effects in isotopically purified 13C graphene (section 4.1).
While nuclear spin effects are typically neglected in natural graphene, nuclear spins in iso-
topically enriched graphene can provide an opportunity to store and retrieve quantum informa-
tion.46–48 Magnetotransport measurements were combined with radio-frequency and microwave
radiation to search for signatures of nuclear effects. The next section 4.2 presents results ob-
tained on hybrid circuits combining large-area or exfoliated graphene with high-frequency cir-
cuits for microwave spectroscopy.

Experimental findings on superconducting GJJ systems are discussed in section 4.3. Within
a collaborative project including the group of Prof. Horns (University of Hamburg) and Prof.
Fong (Raytheon BBN Technologies and Northeastern University), a graphene-based JJ bolome-
ter was characterized that is intended for the use in dark matter axion search experiments. For
our own in-house fabricated graphene junctions, the properties of the superconducting thin films
forming the device electrodes are examined alongside superconducting microwave resonators.
Additionally, their transport characteristics are systematically investigated to gain insight into
the device performance.

Finally, the development of graphene-based THz-detectors is illustrated in section 4.4. The
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asymmetric topgate structures of these devices results in plasmonic rectification effects that
persist even at room temperature. Important advancements in the fabrication of these pho-
todetectors led to the successful detection of THz-radiation with high sensitivity. However, a
detailed analysis of the observed photoresponse is beyond the scope of this work.

The results of this work are summarized in chapter 5, which also provides ideas for improve-
ments and outlines future research directions.

Some of the results presented in this thesis are part of peer-reviewed publications, such as
the report on the deposition of superconducting niobium nanostructures49 and experimental
findings as well as a review on nuclear spin effects in 13C graphene.19, 50 Additional publications
addressing rectification mechanisms in graphene-based THz-detectors, interference effects in
superconducting aluminum-graphene junctions and nuclear spin ordering effects in 13C few-
layer graphene are in preparation.

4



2. Theoretical Background

2.1. Van der Waals Materials and their Heterostructures

Graphene is an atomically thin and thereby truly two-dimensional material which was first ex-
perimentally discovered in 2004 by Novoselov and Geim et al. by mechanical exfoliation from
bulk graphite.1 Until then, it was generally thought of as a thermodynamically unstable and
therefore elusive material, although the theoretical study of the graphene band structure dates
back to 1947.51 In a single layer of graphene, the carbon atoms are arranged in a honeycomb
lattice. The unit cell consists of two inequivalent carbon atoms which form the triangular sub-
lattices A and B as shown in figure 2.1 a). The atoms in graphene are sp2 hybridized where the
electrons from the 2s, 2px and 2py orbitals form strong in-plane σ-bonds. The electron from the
out-of-plane 2pz orbital can move in the graphene lattice via π-bonds. Only electrons in this
delocalized π-system contribute to conductivity and are considered in the single-particle band
structure theory of graphene. The main results of the tight binding model employed by Castro
Neto et al.12 are presented in the following.

As shown in figure 2.1 a), the lattice of graphene is obtained by the lattice vectors ~a1 and ~a2

that construct the unit cell in real space and are given by

~a1 =
a

2
(3,
√

3), ~a2 =
a

2
(3,−

√
3), (2.1)

where a corresponds to the distance between two carbon atoms, i.e., the lattice constant of
graphene with a = 1.42 Å. Two atoms in the same sublattice are separated by |~a1,2| = 2.46 Å.

With the approximation, that electrons can only hop from site A to the adjacent B site and vice

versa, t is defined as the energy for nearest neighbor hopping and the tight-binding Hamiltonian
in second quantization for graphene can be written as

Ĥ = −t
∑
〈i,j〉,σ

(
a†σ,ibσ,j + h.c.

)
. (2.2)

Here, aσ,i, a
†
σ,i and bσ,i, b

†
σ,i are defined as the annihilation and creation operators for an

electron with the spin σ on site Ri in sublattice A and B, respectively. The units are defined so
that h̄ = 1, while h.c. denotes the Hermitian conjugate.
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2.1 Van der Waals Materials and their Heterostructures

Figure 2.1.: a) The hexagonal lattice of graphene with the two triangular sublattices A and B.
The lattice vectors~a1 and~a2 construct the unit cell, which is indicated by the yellow
dashed line. b) Electronic bandstructure of graphene in the first Brillouin zone with
a close-up of the low energy spectrum exhibiting a linear dispersion relation near
one of the Dirac points. Figure b) is adapted with permission from A. H. Castro Neto, F. Guinea,
N. M. R. Peres, K. S. Novoselov, and A. K. Geim. The electronic properties of graphene. Reviews
of Modern Physics 81, 109162 (2009). Copyright 2009 by the American Physical Society.12

The eigenvalues of the Hamiltonian are given as

E±(k) = ±t
√

3 + f(k),

with f(k) = 2 cos
(√

3kya
)

+ 4 cos

(√
3

2
kya

)
cos

(
3

2
kxa

)
,

(2.3)

which describe the energy bands in momentum space with the components of the wave vector
kx and ky. The energy dispersion of Eq. 2.3 can be seen in figure 2.1 b) and shows that the
valence and conduction band of graphene touch at the K and K’ points of the first Brillouin
zone. The Hamiltonian can be expanded at small momentum q near these two valleys such that
k = K + q, with |q| � |K|. The result is a massless Dirac Hamiltonian that describes a
two-level system with inversion symmetry

HK(q) = H(K + q) ≈ h̄vF

[
0 qx − iqy

qx + iqy 0

]
= h̄vFσ · q, (2.4)

with the effective Fermi velocity in graphene vF = 3ta/2 ≈ 106 m/s and the vector Pauli
matrices σ = (σx, σy).12 Solving this Eq. 2.4, which describes massless Dirac fermions, yields
the well-known linear dispersion of graphene close to the so-called Dirac points

E±(q) = ±h̄vF |q|. (2.5)

Near the Dirac points in graphene, the presence of the two distinct sublattices A and B gives
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2.1 Van der Waals Materials and their Heterostructures

rise to a valley degeneracy of gν = 2. This valley degeneracy is also referred to as pseudospin,
as it shares a similar formalism with real spin. Consequently, the combination of the pseudospin
quantum number and the spin degeneracy of gs = 2 results in a general four-fold degeneracy in
graphene. While for other systems, helicity refers to the projection of real spin onto the direction
of propagation, in graphene, chirality is defined by the projection of pseudospin.11, 21, 52

Figure 2.2.: The ambipolar field effect in single-layer graphene enables control of the charge
carrier type and density by electrostatic gating. At the charge neutrality point at 0 V,
EF is located directly at the Dirac point, electron and hole concentrations become
equally small, resulting in a maximum in resistance. Figure adapted with permission
from Geim, A., Novoselov, K. The rise of graphene. Nature Mater 6, 183–191 (2007). Copyright
2007 by Springer Nature.11

The touching of the conduction and valence bands at the Dirac point is the fundamental rea-
son behind graphene’s exceptional characteristic, allowing for a seamless tunability of charge
carrier density and type from electron to hole regime. The charge carrier density in graphene
can be controlled by applying a gate voltage Vg which effectively shifts the Fermi energy EF in
the dispersion relation. The ambipolar electric field effect in single-layer graphene is illustrated
in figure 2.2. The resistance is influenced by the electrostatic gating, since it depends on the
number of available electronic states at the Fermi level. As a reflection of the band structure,
this density of states is linear in graphene and vanishingly small at the Dirac point. Due to
the symmetry of the cone-shaped bands, as shown in the insets of figure 2.2, graphene exhibits
electron-hole symmetry. Thus, at the same energetic distance from the band crossing, the charge
carrier densities of electrons and holes are expected to be equal. When EF is located exactly at
the Dirac points, the resistance reaches its maximum at the charge neutrality point (CNP), im-
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2.1 Van der Waals Materials and their Heterostructures

plying that the concentration of electrons and holes are equally small. In addition, graphene’s
small density of states at the Dirac point results in an extremely small electronic heat capacity.
Although graphene exhibits exceptionally high phononic thermal conductivity, the electron sys-
tem is extremely well thermally isolated due to the low carrier density, single atomic thickness
and low electron-phonon coupling.53, 54 These properties make graphene ideally suited for very
high sensitivity bolometers and calorimeters, as discussed in chapter 2.3.1.53, 55

The gate voltage sweep contains valuable information which can be used to assess the device
quality of a graphene sample. First of all, the CNP will be shifted away from 0 V by charged
impurities and doping. The voltage at which the CNP appears (VCNP) is therefore a good indi-
cation of the level of doping in the graphene. Secondly, the shape and steepness of the CNP
peak are a representation of the charge carrier mobility µ, which is the most prominent device
quality factor. In absence of an external magnetic field, by assuming a constant mobility and
neglecting different phenomena such as ballistic transport effects and quantum capacitance,56

the Drude model can be employed to describe the resistivity of a graphene device

ρB=0 =
1

enµ
, (2.6)

with the elementary charge e, the mobility µ and the charge carrier density n. In good approxi-
mation, the field effect induced charge carrier density can be calculated by using

n =
Cg

e
(Vg − VCNP) + n∗,with Cg =

κε0
ti
, (2.7)

where the gate capacity Cg is given by κ as the relative permittivity, ε0 the vacuum permittivity
and ti the thickness of the gate-separating insulating layer. The residual charge carrier density
n∗ generated by charged impurities at the graphene-insulator-interface is typically in the order
of a few 1011 cm−2 and can be even as low as 109 cm−2 for high-quality graphene devices.57–59

Details on the theoretical framework of n∗ can be found in the works by Adam et al. and
Gosling et al. where the effect of charged impurities on graphene transport are discussed.56, 60

Hexagonal boron nitride and van der Waals heterostructures

As presented above, the transport characteristics of graphene samples depend on µ and n∗,
which in turn are significantly influenced by the immediate interface to the surrounding envi-
ronment. The use of SiO2 substrates for graphene has shown to be inferior due to the surface
roughness, charged impurities and surface phonons.61, 62 In 2010, Dean et al. identified hexago-
nal boron nitride as an ideal candidate in the search for a better substrate for graphene.63 Since
then, the quality of graphene devices has been massively improved by encapsulating graphene
with hexagonal boron nitride.59, 64–67
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2.1 Van der Waals Materials and their Heterostructures

With strong in-plane bonds and weak van der Waals (vdW) interactions between layers,
hexagonal boron nitride (hBN) is a layered two-dimensional material like graphite. A single
layer of hBN is, similar to graphene, an atomically flat sheet with a hexagonal lattice but with
alternating boron and nitrogen atoms at the A and B sites of the triangular sublattices, as shown
in figure 2.3 a). Because these two elements are neighbors to carbon in the periodic table,
the hBN lattice constant is only ∼ 1.8 % larger compared to graphene. The big difference to
graphene lies in the electronic properties of hexagonal boron nitride. Due to the asymmetric
potential energy distribution of the boron and nitrogen sites, hBN exhibits a large bandgap of
∼ 6 eV and is therefore considered an insulator.68 Because of the optical appearance of its bulk
crystals, hBN is also referred to as "white graphene".69

Figure 2.3.: a) Lattice structure of hexagonal boron nitride (hBN), with alternating boron (blue)
and nitrogen (red) atoms at the A and B sites of the triangular sublattices. b) His-
togram of the height distribution measured by atomic force microscopy (AFM),
showing a greater surface roughness for SiO2 (black triangles) compared to hBN
(red circles) and graphene on hBN (blue squares). c) Optical microscope image of a
very clean multilayered heterostructure of graphene encapsulated by two hBN lay-
ers. d) High-resolution transmission electron microscope image verifying the atom-
ically sharp and impurity-free interfaces of the hBN-graphene-hBN heterostructure.
Figure b) adapted with permission from Dean, C., Young, A., Meric, I. et al. Boron nitride sub-
strates for high-quality graphene electronics. Nature Nanotech 5, 722–726 (2010). Copyright 2010
Springer Nature.63 Figures c) and d) are adapted with permission from Yankowitz, M., Ma, Q.,
Jarillo-Herrero, P. et al. van der Waals heterostructures combining graphene and hexagonal boron
nitride. Nat Rev Phys 1, 112–125 (2019). Copyright 2019 by Springer Nature.70
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2.1 Van der Waals Materials and their Heterostructures

Typically, a layer of hBN is utilized to pick up subsequent layers with the help of vdW forces
to form a stack of 2D materials.6, 71 In contrast to conventional 3D crystals such as silicon, ger-
manium or gallium arsenide, vdW heterostructures come without the need for stringent epitaxial
lattice matching. Instead, it is possible to combine materials with different crystal symmetry,
structure and lattice parameters.6

Early on, it became clear that hBN-graphene heterostructures show a significantly smaller
surface roughness compared to graphene devices on SiO2. For comparison, a histogram of the
height distribution, i.e., the surface roughness of graphene on hBN (blue squares), hBN only
(red circles) and SiO2 (black triangles) is shown in figure 2.3 b).63 The atomically flat surface of
hBN allows to assemble ultraclean hBN-graphene-hBN heterostructures with atomically sharp
and impurity-free interfaces, as shown in figure 2.3 c) and d).66, 70 Apart from reducing the
surface roughness, a layer of hBN separates the graphene from the silicon oxide surface that
has charged impurities, leading to less charge inhomogeneity. This beneficial effect can be even
enhanced by inserting a thin layer of graphite for additional screening below the bottom hBN.
The dielectric constant εr ∼ 3 − 4 and the dielectric breakdown field of ∼ 0.7 V/nm of hBN
are excellent properties to enable electrostatic gating of the graphene layer by metal or graphite
gates.72, 73 Such high-quality graphene devices with drastically enhanced mobilities that exhibit
fragile fractional quantum Hall states74 became possible because of breakthroughs in device
fabrication engineering, which will be discussed in detail in section 3.1.

Figure 2.4.: a) Schematic assembly of different 2D crystals to form a van der Waals heterostruc-
ture. b) The extensive range of van der Waals materials can be categorized into
distinct families based on their electronic properties and crystal structure. Figure a)
adapted from Sander et al. (2017) under terms of the Creative Commons CC BY license.75 Figure
b) adapted with permission from P. Ajayan, P. Kim, K. Banerjee; Two-dimensional van der Waals
materials. Physics Today 1 September 2016; 69 (9): 38–44. Copyright 2016 by AIP Publishing.5

Along with improved graphene device quality, the incorporation of hBN into sample pro-
cessing had an enduring impact on two-dimensional material research and condensed matter
physics. Starting with graphene-hBN heterostructures, it enabled the direct assembly of all
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2.1 Van der Waals Materials and their Heterostructures

types of two-dimensional materials into vdW heterostructures, as shown in figure 2.4 a).3–5

These structures allow for the selection of individual layers from a diverse range of vdW crys-
tals with distinct properties, as illustrated in figure 2.4 b). The different vdW materials can
be classified in families regarding their elemental composition, crystal structure and electrical
properties.5 Next to graphene and hBN, currently the most important are the transition-metal
dichalcogenides (TMDs or MX2). In this material group, a transition-metal atom (M) is com-
bined with two atoms (X2) from the chalcogenides. In contrast to graphene and hBN, which are
semi-metallic and insulating, respectively, TMDs such as MoS2 or WSe2, are mostly semicon-
ducting with a wide range of bandgaps and intriguing physical properties.76 The possibility to
combine various TMDs in a vdW heterostructure has led to remarkable discoveries such as the
fractional quantum anomalous Hall effect.77, 78

Twisted bilayer graphene
The high degree of variability of the vdW layer assembly leads to a new degree of freedom,
which was impossible to access with conventional materials: the interlayer twist angle. The
possibility to tune the crystallographic orientation between the layers with high precision re-
sulted in the discovery of unconventional superconductivity and other phenomena in twisted
bilayer graphene (TBG) by Cao et al. in 2018.24, 25 This discovery came as a big surprise be-
cause the individual graphene mono- and bilayers had been thoroughly investigated at the time
and showed no signs of the effects in TBG. This illustrates the allure of the field of twistronics
where the electronic properties of vdW materials can be manipulated by the twist angle θ.79

Analogous to the plethora of different vdW heterostructures, numerous interesting observations
have been made in the field of twistronics with different vdW materials. Since the focus of this
thesis lies in the investigation of hybrid superconductor graphene devices, only a brief overview
of twist angle physics in TBG follows.

To understand the influence of the interlayer rotation angle θ on the electronic properties of
twisted bilayer graphene, we will first consider normal bilayer graphene, where two graphene
monolayers are positioned on top of each other without any rotation. Bilayer graphene appears
naturally in a Bernal AB-stacking configuration as shown schematically in figure 2.5 a). In
contrast to the AA-stacking, where two sheets sit exactly on top of each other, in an AB-stacking
one of the sheets is slightly translated in one lateral direction. Thus, atoms from sublattice
A of the upper layer are positioned directly on top of atoms from sublattice B of the lower
layer, as indicated by the yellow arrows. The atoms from sublattice B of the upper layer are
located above the center of the hexagons of the lower layer (dashed yellow arrow). This stacking
configuration results in a modified band structure with parabolic bands which touch when both
layers are energetically equal. In contrast to monolayer graphene, a perpendicular electric field
E, generally referred to as displacement field, can induce a band gap ∆ in bilayer graphene,
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as shown in figure 2.5 b).80 The possibility to induce a band gap and effectively suppress
conductivity, in conjunction with the renowned properties of graphene, such as high charge
carrier mobility, as well as valley and spin degrees of freedom, renders bilayer graphene highly
appealing for various applications. Bilayer graphene quantum dots have been proposed as spin
qubits candidates48 early after the discovery of graphene and have been recently coupled to a
microwave resonator.81

Figure 2.5.: a) Schematic representation of the Bernal AB-stacking configuration of bilayer
graphene. b) Left: In equilibrium (E = 0), the parabolic bands of bilayer graphene
touch. Right: Upon the application of a perpendicular displacement field (E 6= 0),
it is possible to open up a band gap ∆.

In the case of twisted bilayer graphene, the two graphene sheets are misaligned by a twist
angle θ, resulting in the emergence of a geometric interference pattern known as the moiré
pattern, illustrated in figure 2.6 a). The appearance of the moiré pattern yields a superlattice
potential of periodic regions with the same stacking order. To describe the resulting superlattice
structure, the rotation between the sheets is defined as a change of the lattice vector ~L(m,n) to
~L′(m,n), where m and n are coordinates with respect to the lattice vectors ~a1 and ~a2

82

~L(m,n) = m~a1 + n~a2. (2.8)

For commensurate rotations, a superlattice vector ~L(m,n) exists, that brings a point in the
structure on itself, fulfilling the condition for commensurability83
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cos(θ) =
n2 + 4nm+m2

2 (n2 + nm+m2)
. (2.9)

Considering only structures with one moiré pattern per unit cell given by |m − n| = 1, we
obtain the simplified equations

cos(θ) =
3n2 + 3n+ 1/2

3n2 + 3n+ 1
and ~L = n~a1 + (n+ 1)~a2. (2.10)

The area AM and number of atoms per moiré unit cell NM can be obtained by

AM =

√
3

2
λ2

M =

√
3

8

a2

sin2(θ/2)
,

N = 4
(
3n2 + 3n+ 1

) (2.11)

with the moiré wavelength λM = |~L|. As the twist angle θ decreases, AM and NM increase
drastically, resulting in NM ∼ 104 atoms for small angles around 1°. Compared to monolayer
or Bernal bilayer graphene, this very large number of atoms complicates the calculations with
the tight binding model for moiré systems, as they become computationally demanding.

Figure 2.6.: a) Moiré pattern of twisted bilayer graphene (TBG) with twist angle θ (here 4 ◦

for better visibility). The superlattice unit cell (blue) with area AM and moiré
wavelength λM, which is in the order of 10 nm for small θ. b) Representation of
the moiré pattern in reciprocal space with the original Brillouin zones of the two
graphene layers (black and yellow) and the mini Brillouin zone (blue) with moiré
wave vector kθ.
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This issue can be circumvented by describing the electronic structure of twisted bilayer
graphene at low momentum and energies in a continuum approximation.82, 83 The rotation of the
two graphene layers in real space also leads to a rotation of the reciprocal lattices. Considering
a rotation around the Γ point, the difference between the K points of the original lattice is given
by the moiré wave vector

kθ = 2 sin(θ/2)kD (2.12)

with the magnitude of the Dirac point wave vector kD = 4π/3a.84 Using kθ, a new mini Bril-
louin zone can be defined, as shown in figure 2.6 b), that also forms a superlattice in reciprocal
space. The Ks points of this superlattice are a combination of K and K’ points of opposite
lattices. However, the large difference in momentum that exists in the original graphene Bril-
louin zone protects the valley degeneracy, resulting in an inherited four-fold degeneracy also in
TBG.85 The superlattice carrier density ns for a completely filled mini Brillouin zone is then
given by

ns = 4/AM = 4
8 sin2(θ/2)√

3a2
≈ 8θ2

√
3a

(for small θ) . (2.13)

In experiments, this relation is useful to extract the twist angle of the investigated sample.24, 25, 85

The twist angle of TBG can be considered as a tuning knob for the electronic properties as
illustrated in figure 2.7, which shows the evolution of the band structure in momentum space
[figure 2.7 b)] with respect to the interlayer twist in real space [figure 2.7 a)]. Initially, at large
twist angles, the band spectrum of TBG can be described by two almost decoupled monolayer
Dirac cones, only very weakly affected by the moiré pattern. When θ decreases, the cones at
each valley move closer together in momentum space and start to hybridize. In 2011, Bistritzer
and MacDonald found, that the bands of TBG mostly depend on a single factor

α =
w

h̄vFkθ
, (2.14)

where w is the interlayer hopping energy.84 The parameter α describes the competition between
the hybridization of the Dirac cones, expressed by w, and the kinetic energy of the electrons,
expressed by h̄vFkθ. As introduced above, for a decreasing twist angle, the increasing hybridiza-
tion is expected since w ∝ kD ∝ θ, while the kinetic energy becomes smaller as kθ decreases.
This leads to a drastic renormalization of the effective Fermi velocity v?

v?

v
=

1− 3α2

1 + 6α2
. (2.15)

At particular angles, the Dirac cones flatten and converge to zero energy. This situation is
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shown on the right in figure 2.7, where ultraflat bands appear in the dispersion relation of TBG.
At this twist angle, the renormalized Fermi velocity approaches zero and all electrons in these
flat bands have almost the same energy. As a result, the density of states for these bands is
extremely large. The twist angles for which these effects are expected to appear are referred to
as magic angles. The first magic-angle condition is found for α = 1/

√
3 which corresponds to

a twist angle of

θ = arcsin

( √
3w

h̄vFkD

)
· 2 ≈ 1.1◦. (2.16)

Figure 2.7.: Representation of TBG in real space a) and momentum space b). Starting at large
twist angles, the band structures of the two graphene layers are almost decoupled
and behave like two single Dirac cones of monolayer graphene (left). In TBG with
a smaller twist angle, the bands hybridize progressively (middle). At the so-called
magic angle, the pronounced moiré pattern leads to hybridized bands that form
ultraflat bands with distinct properties (right). Figure adapted from B. Andrei Bernevig,
Dmitri K. Efetov; Twisted bilayer graphene’s gallery of phases. Physics Today 1 April 2024; 77 (4):
38–44. Copyright 2024 by AIP Publishing.26

Bilayer graphene that is twisted by this angle was found to host a plethora of exotic phenom-
ena and is now known as magic-angle twisted bilayer graphene (MATBG).24, 25 The rich physics
of MATBG originates from its flat band properties. Due to the combination of a very low Fermi
velocity and a high density of states, the electron-electron interactions are extraordinarily en-
hanced. In addition, the bands appear to be topological, which means that the sample edges
can be conductive, while the inside behaves as an insulator.26 As a result, MATBG revealed ex-
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otic phases such as correlated and Chern insulator states,25, 86 superconductivity,24, 87 a so-called
strange-metal phase88 and orbital magnetism.87, 89 Remarkably, these phases can coexist in a
single device and are tunable by experimental parameters like electrostatic gating.

In MATBG, the gate voltage allows control over the filling factor of the flat band ν, which is
defined as the number of electrons per moiré lattice site. Due to the four-fold degeneracy, the
flat band is completely filled for ν = ±4 electrons or holes. Unexpectedly, it has been observed,
that the flat bands are not filled simultaneously and continuously.90 Instead, the bands undergo a
symmetry breaking phase transition every time an integer filling factor ν = ±1, 2, 3 is reached.
At these transitions, one band is filled completely, while the other bands are emptied. Until the
flat bands are filled, these transitions reappear at every integer value of ν.90

Figure 2.8.: a) Figure from the original article by Y. Cao et al. showing the resistance versus
temperature behavior of MATBG (θ = 1.16◦) close to the correlated insulator state
at half filling ν = −2. Two superconducting domes appear in close vicinity to
the insulating state, which transition into a metallic state at temperatures above
0.3 K.24 b) MATBG offers a highly tunable system that can be insulating, metallic
or superconducting, depending on the electrostatic gating, while avoiding material
interfaces.91 c) Schematic of a MATBG device with two separated top gates, which
are utilized to form a MATBG Josephson junction.92Figure a) adapted with permission
from Cao, Y., Fatemi, V., Fang, S. et al. Unconventional superconductivity in magic-angle graphene
superlattices. Nature 556, 43–50 (2018). Copyright 2018 Springer Nature.24 Figure b) adapted with
permission from Prance, J.R., Ben Shalom, M. Building devices in magic-angle graphene. Nat.
Nanotechnol. 16, 745–746 (2021). Copyright 2021 Springer Nature.91 Figure c) adapted from
Díez-Mérida et al. (2023).92

The groundbreaking experiments by Y. Cao et al. in 2018 revealed that at one particular phase
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transition at half filling ν = ±2 MATBG enters a correlated insulator phase, which is consistent
with a Mott-like insulator that is driven by strong electronic interactions.25 This state with high
resistance is depicted in figure 2.8 a) as the red area in the center at ν = −2 in the hole regime.
If the carrier density in the system is doped slightly away from this state, two regions appear on
either side where the resistance drops to zero. These regions show signs of superconductivity
up to roughly 0.3 K, before they turn metallic at higher temperatures.24 The appearance of the
superconducting regime upon doping from a Mott-like insulating state is reminiscent of uncon-
ventional superconductivity as known from cuprates. The mechanism of superconductivity in
MATBG is still under debate, although an electron-phonon mediated mechanism in the classical
sense seems improbable. The concepts of conventional and unconventional superconductivity
will be introduced in more detail in section 2.2.

The ability to move between insulating, metallic and superconducting phases by electrostatic
gating makes MATBG a highly tunable system. In contrast to conventional approaches, multi-
ple electric components can be realized in principle within the same material, thereby avoiding
interfaces which typically are a source of performance loss.91 A schematic representation of
MATBG’s versatility is shown in figure 2.8 b). Gate electrodes (yellow) on top and bottom
of MATBG can induce insulating, metallic and superconducting states (red, green and pur-
ple) in the system. Multiple research groups have experimentally demonstrated highly tunable
MATBG devices in the form of single-electron transistors,93 Josephson junctions,92–94 which
will be discussed in detail in section 2.2, and even more complex structures.95 For MATBG
Josephson junctions devices, as depicted schematically in figure 2.8 c), two separated topgates
are used in combination with the backgate to realize two superconducting regions in the device,
separated by a small non-superconducting junction.92

After the initial discovery in MATBG, superconductivity and other correlated phases have
also been observed in many other twisted moiré systems but also surprisingly in untwisted

Bernal bilayer96–98 and rhombohedral trilayer graphene.99 Although these systems were stud-
ied before, the existence of such phases was probably masked by insufficient sample quality or
unsuitable temperatures and fields.96 Research is still at the beginning to determine the similari-
ties and differences between correlated phenomena of twisted and untwisted systems. However,
these findings suggest that graphene bi- and trilayers possess a nontrivial phase diagram with
rich physics yet to explore.
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2.2 Superconductivity in Graphene

2.2. Superconductivity in Graphene

The phenomenon of superconductivity was first discovered in 1911 by Kamerlingh Onnes in
mercury.100 Below their critical temperature Tc, superconducting materials not only behave as
perfect conductors with zero resistance, but also as perfect diamagnets that expel an external
magnetic field from their interior. The latter effect, discovered by Meissner and Ochsenfeld in
1933,101 persists in so-called type-I superconductors (SC) up to their critical magnetic field Hc.
The thermodynamic description of the critical field as a function of temperature is given by102

Hc(T ) = Hc(0)

[
1−

(
T

Tc

)2
]
. (2.17)

Due to the perfect conductivity, spontaneously generated currents that oppose the magnetic
field are created at no energy cost in the superconductor to expel the magnetic field. The behav-
ior of SCs in electric and magnetic fields is described by the London equations.103

d~js

dt
=
nse

2

me

~E (2.18)

∇×~js = − nse
2

µ0me

~B (2.19)

with the superconducting current density of the SC ~js, the local density of superconducting
electrons ns, the elementary charge e and mass me of electrons. The second London equation
implies that the magnetic field still penetrates a superconductor for a certain distance even in the
so-called Meissner state. Applying Ampere’s law∇× ~B = µ0

~j to the second London equation
yields

∇2 ~B =
nse

2

µ0me

~B =
1

λ2
L

~B. (2.20)

Here, the characteristic length the magnetic field is able to enter the SC is expressed by the
London penetration depth λL at zero temperature

λL =

√
me

µ0nse2
(2.21)

This length is temperature dependent and can empirically be approximated by

λL(T ) = λ(0)

√
1−

(
T

Tc

)4

(2.22)

Experimental observations of superconductors that do not follow the Meissner-Ochsenfeld
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effect led to an extension of the London equations to the Ginzburg-Landau (GL) theory. This
theory describes SCs that screen a magnetic field at small fields below a critical field Hc1 but
allow a magnetic field to penetrate the interior of the SC in the form of vortices before returning
to the resistive state at a higher critical field Hc2. The flux of each vortex is quantized to the
superconducting flux quantum Φ0 = h

2e
. As a result, these so-called type-II SCs reach far higher

critical magnetic fields compared to type-I SCs. Based on Landau’s quantum mechanical theory
of phase transitions, the GL theory introduces an order parameter Ψ based on a macroscopic
pseudowavefunction to describe the superconducting state. Due to the phase-locked state of
the ensemble of superelectrons, the macroscopic wave function of a superconductor can be
written as

Ψ = |Ψ|eiθ. (2.23)

The order parameter Ψ represents the local density of superconducting electrons ns = |Ψ|2.102, 104

A successful microscopic theory to explain superconductivity is the BCS theory, named after
its developers Bardeen, Cooper and Schrieffer.105 The main concept of the BCS theory is that
SCs have a band gap, in which not single electrons, but rather pairs of electrons carry the cur-
rent. These electron pairs form in the presence of a small phonon-mediated attractive interaction
and have been conceptualized by L. Cooper in 1956 and are therefore named Cooper pairs.106

These Cooper pairs behave as effective bosons with an integer spin. Cooper pairs consist of
two electrons with opposite momentum and can be described as two identical fermions in time-
reversed momentum states. A property of the wave function of such a pair of fermions must be
antisymmetric regarding spin and spatial components if the fermions are exchanged. Thus, the
pair states of a Cooper pair can either be spin singlets with an even-parity spatial component or
spin triplets with odd parity.107 When a SC enters its superconducting state, the electrons close
to the Fermi energy create a condensate due to the bosonic nature of Cooper pairs.

The condensation of the electrons to Cooper pairs results in a band gapEg, as shown in figure
2.9 a), which is twice the pairing energy ∆ of a Cooper pair and corresponds to the required
energy to break a Cooper pair

Eg = 2∆. (2.24)

In the framework of BCS theory, the relation of the superconducting gap ∆ and the critical
temperature Tc is approximately

∆ ≈ 1.764kBTc, (2.25)

with the Boltzmann constant kB.104 The size of a Cooper pair is given by the coherence length ξ
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and depends on the length scale of the pairing potential ∆. The coherence length is particu-
larly important in the case of a non-superconducting material in contact with a SC. Then, the
wave function of the SC will penetrate the non-superconducting material and induce supercon-
ductivity for the length of ξ in an effect called proximity effect. The wave function of the SC
exponentially decays over ξ in the non-superconducting material, as shown in figure 2.9. The
proximity effect is the basis for the tunneling of Cooper pairs. The coherence length depends
on ∆ of the superconducting material and of the Fermi velocity vF of the proximitized material

ξ =
h̄vF

π∆
. (2.26)

The BCS theory successfully describes superconductivity in many classical superconductors
through a phonon-mediated Cooper pairing mechanism. However, it is important to note that
many SCs discovered towards the end of the 20th century and beyond do not conform to the
BCS theory. In particular, high-Tc superconductors, such as cuprates (Tc > 70 K),108 exhibit
superconductivity that is generally classified as unconventional. While conventional SCs are
well described by BCS theory, the attractive potential responsible for Cooper pair formation in
unconventional SCs appears to arise from electron-electron interactions.109 Additionally, un-
like conventional SCs, which typically exhibit an isotropic superconducting wave function with
s-wave symmetry, unconventional SCs often possess an anisotropic wave function.107 Due to
the multitude and complexity of their anomalous behavior, a comprehensive theory to explain
unconventional superconductivity remains elusive. As mentioned in section 2.1, the various
phases observed in MATBG are also found in certain high-Tc superconductors. Compared to
these materials, MATBG is a simpler system, consisting solely of carbon atoms. Consequently,
MATBG could serve as an ideal platform for gaining deeper insights into unconventional su-
perconductivity, that may be extended to understand other superconductors.

Josephson junctions

In addition to flux quantization, the collective quantized behavior of SCs manifests itself on
a macroscopic scale in the form of the Josephson effect. This phenomenon is observed when
a non-superconducting material or weak link separates two superconducting regions, as illus-
trated in figure 2.9 b). If the barrier is thin enough, the macroscopic wave functions of both
SCs overlap and form a weakly coupled system, called Josephson junction (JJ). The two super-
conducting electrodes will differ in phase, as they are not directly connected. Cooper pairs that
tunnel coherently from one electrode to the other result in a superconducting tunnel current,
which was first theoretically described by B. Josephson in 1962.110 The supercurrent flowing
through a JJ is given by the first Josephson equation
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Figure 2.9.: a) In contrast to the normal state (T > Tc) (grey), the density of states in the su-
perconducting state (T < Tc) (green) exhibit a bandgap of 2∆ around the Fermi
energy EF. b) Schematic of a Josephson junction (JJ) which consists of two su-
perconducting electrodes (SC1 and SC2) separated by a non-superconducting weak
link with length L. Due to the proximity effect, the macroscopic wave functions of
the two superconductors overlap and Cooper pairs tunnel across the JJ.

Is(φ) = Ic sin(φ), (2.27)

which is also known as the DC Josephson effect or current phase relation. Here, Ic is the critical
current of the junction and φ the gauge invariant phase difference φ = |φ1 − φ2| of the two
electrodes, with phases φ1 and φ2. The second Josephson equation gives an expression for the
voltage across a JJ that depends on the phase difference over time, which is known as the AC
Josephson effect110

V (t) =
Φ0

2π

dφ

dt
. (2.28)

Combining the two Josephson equations Eq. 2.27 and Eq. 2.28 results in

Is = Ic sin

(
2π

Φ0

V · t
)
, (2.29)

which implies that a DC voltage applied to the JJ will produce an alternating current in the junc-
tion. In turn, when the JJ is irradiated with microwave frequency ν, a DC voltage is induced for
multiples of V = nh̄ν

2e
, with integer values for n. This leads to the so-called Shapiro steps in the

current-voltage behavior of the JJ.

Graphene Josephson junctions
Weak links forming the JJ can be made of different materials, which determine its properties.
Insulators form superconducting-insulating-superconducting (SIS) junctions while JJs of nor-
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mal metals are referred to as superconducting-normal-superconducting (SNS) junctions. The
weak link can also consist of van der Waals materials such as graphene, leading to a graphene
Josephson junction (GJJ) that consists of a superconducting-graphene-superconducting (SGS)
interface. The physics of SGS JJs can be assessed by classifying different regimes, depending
on the relevant length scales: diffusive/ballistic, long/short and dirty/clean. A GJJ is considered
ballistic when the junction length L is shorter than the mean free path lmfp of charge carriers in
graphene. For ballistic GJJs the coherence length is given by ξ = h̄vF/∆. If lmfp < L, the junc-
tion is in the diffusive regime and the coherence length is modified to ξ =

√
h̄D/∆, with the

diffusion constant D = vFlmfp/2.111 Depending on the coherence length, a GJJ is considered to
be in the long junction regime if ξ < L. Vice versa, if ξ > L a junction is short.31, 111 Comparing
the coherence length to the mean free path determines whether a junction is clean (ξ < lmfp) or
dirty (ξ > lmfp). As the smallest energy scale determines the behavior of the system, it is im-
portant to note that for long junctions the Thouless energy Eth < ∆, with Eth = h̄D/L2, is the
dominating factor. For short junctions, where Eth > ∆, the behavior of the GJJ is determined
by the superconducting gap.

To understand the behavior of GJJs in more detail, it is worth looking at effects of a simple
SNS junction. An electron in the metal approaching a single NS interface can undergo different
scattering mechanisms, as depicted schematically in figure 2.10 a). If the energy of the electron
is smaller than ∆, it cannot enter the SC due to the superconducting gap and undergoes a regular
specular reflection. However, the electron can also undergo an Andreev reflection, in which the
electron is transmitted into the SC by forming a Cooper pair with another electron of opposite
spin and momentum. As a result, a hole of opposite spin and momentum than the incident
electron is reflected in the metal. Andreev reflection is a phase coherent process that is strongly
dependent on the interface transparency t = 1/(1 + Z2), with the barrier strength Z.112 For
a perfect contact and fully transparent interface (Z = 0, t = 1), regular specular reflections
are suppressed, whereas Andreev reflections are not possible for large Z, resulting in a regular
tunnel barrier.113

In a SNS junction, multiple Andreev reflections can occur because of the presence of two
NS interfaces. This case is depicted in figure 2.10 b), where a right moving electron undergoes
an Andreev reflection at the right NS interface, causing a hole to be reflected. This hole also
undergoes an Andreev reflection when reaching the left NS interface, resulting in another right
moving electron. This process requires the destruction of a Cooper pair in the left superconduc-
tor in order to obey charge, energy, and momentum conservation, while it creates a Cooper pair
in the right superconductor. Thus, the phase coherent process of Andreev reflection enables non
dissipative Cooper pair transport through a SNS junction. During the two Andreev reflections
described above, a phase difference ∆φ is accumulated. For the resonance condition, ∆φ should
be a multiple of 2π, resulting in constructive interference of the two SC wave functions. This
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Figure 2.10.: Schematical representation of scattering mechanisms in space (top) and energy
(bottom) at a single normal metal (N) (grey) superconductor (S) (green) interface
a) and at a SNS junction b). a) Spatial illustration of specular and Andreev re-
flection of electrons (top). If Andreev reflection occurs, a Cooper pair is created
in the superconducting material under the reflection of a hole with opposite spin
and momentum in the normal metal. b) A right moving electron undergoes An-
dreev reflection at the right NS interface. The converted hole undergoes another
Andreev reflection itself at the left interface, causing the destruction of a Cooper
pair in the left superconductor and an electron moving to the right NS interface
again. Such multiple Andreev reflections in a SNS junction lead to the coherent
transfer of Cooper pairs across the junction.

leads to the formation of so-called Andreev bound states, which dominate the superconducting
transport if the resonance condition is met. In the short junction regime, ∆φ corresponds to
the phase difference of the two SC wave functions and the Andreev bound state energy EABS is
given by

EABS = ± cos(∆φ/2) (2.30)

where two levels (±) are created for each conductive channel. This implies that discrete states
are formed inside the superconducting gap, which carry the supercurrent.

Resistively and capacitively shunted junction model
A Josephson junction can adopt two fundamental states that depend on the experimental con-
ditions. Considering T < Tc and B < Bc of the superconducting material, the carried current
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I determines the state of the JJ, as depicted in figure 2.11 a). If I < Ic, the junction is in the
zero voltage state, in which no voltage drops across the junction and the junction resistance RJJ

is zero. For currents larger than the critical current, I > Ic, the current flowing through the
JJ can no longer be carried completely as supercurrent. Instead, Cooper pairs break up into
quasiparticles which form an additional normal current In. This current In = V/RJJ leads to
a finite voltage drop across the junction, which is referred to as the voltage state.102 In this
normal state, the junction resistance behaves ohmic. The total current by the junction also has
contributions of a displacement current Id = CJJ

dV
dt

, caused by time varying voltage fluctuations
and an intrinsic current noise, denoted by If. The junction capacitance CJJ can be approximated
by using the relative dielectric constant εr of the weak link with thickness d and area A to ob-
tain CJJ = εrε0A

d
.104 Using Kirchhoff’s law, the total current flowing through a JJ is therefore

described by

Figure 2.11.: a) A Josephson junction is in the zero voltage state for T < Tc and I < Ic, as
indicated by the green line. For T > Tc, I > Ic, the JJ is in the voltage/normal
state (grey line). b) Following the RCSJ model, the electronic symbol of a JJ (top)
can be represented in a circuit diagram by the characteristic critical current Ic,
the junction resistance RJJ and the junction capacitance CJJ. Contributions from
intrinsic current noise are accounted for by If. c) The behavior of a current-biased
JJ can be described by a macroscopic quantum phase particle subjected to the
tilted washboard potential in the RCSJ model. The oscillation frequency of the
particle around the potential minimum at low current (blue curve) corresponds to
the plasma frequency ωp. For I < Ic (yellow curve), the phase particle can escape
the potential well by macroscopic quantum tunneling (dashed arrow) or thermal
activation (dotted arrow). When the current is increased even further to I > Ic

(red curve), the phase particle is no longer trapped by the potential and escapes,
representing the voltage state of the JJ.
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I = Is + In + Id + If = Ic sin(φ) +
V

RJJ
+ CJJ

dV

dt
+ If. (2.31)

Here, the supercurrent Is is described by the first Josephson equation. Using the second
Josephson equation, the Eq. 2.31 is modified to

I = Ic sin(φ) +
1

RJJ

Φ0

2π

dφ

dt
+ CJJ

Φ0

2π

d2φ

dt2
+ If. (2.32)

Following the equations above, the behavior of a JJ can be described effectively by a parallel
circuit representation, shown in figure 2.11 b). This representation is therefore known as the
resistively and capacitively shunted junction (RCSJ) model, which is presented in more detail
below.102

By introducing a normalized current i = I/Ic and neglecting the noise current contribution
If, it is possible to rewrite Eq. 2.32 to the following differential equation

CJJ
Φ0

2π

d2φ

dt2
+

1

RJJ

Φ0

2π

dφ

dt
+

d

dφ
[EJ0(1− cosφ− iφ)] = 0, (2.33)

with the Josephson energy

EJ =
Φ0Ic

2π
(1− cosφ) = EJ0(1− cosφ). (2.34)

The differential equation in Eq. 2.33 is comparable to the equation of motion for a particle
with mass M moving along the coordinate X in a potential U with damping η

M
d2X

dt2
+ η

dX

dt
+∇U = 0,

with U(φ) = EJ0(1− cosφ− iφ).

(2.35)

The potential U is known as tilted washboard potential and describes the dynamics of a
macroscopic phase difference φ of a Josephson junction. This is visualized in figure 2.11 c), in
which the tilt of the potential is determined by the current applied to the JJ.

For a very small current I ∼ 0, the phase particle oscillates in a local potential minimum
with the Josephson plasma frequency ωp

ωp =

√
2πIc

Φ0CJJ
. (2.36)

If the current is increased to values below but close to Ic, the potential is tilted and a fi-
nite probability exists, that the particle tunnels through the potential barrier in a process called
macroscopic quantum tunneling. The particle can also escape the potential well by thermal
activation. When the applied current is increased to values larger than Ic, the phase particle is

25



2.2 Superconductivity in Graphene

no longer trapped in a local potential minimum and escapes. This state represents the voltage
state of the JJ.102 The magnitude of the local potential minimum is determined by the damping,
which is correlated to the quality factor QJ of a junction. This is defined as

QJ =

√
2π

Φ0

IcR2
JJCJJ =

√
βC, (2.37)

with the Stewart McCumber parameter βC that is a measure for the damping of a JJ. A weakly
damped JJ has a high βC and a high QJ. In turn, a highly damped junction with a low βC has
also a low QJ.102

The tilted washboard potential and its dependency on the applied current is the key element of
the model that can be utilized to assess the current voltage characteristics of a current-biased JJ.
The RCSJ model draws a simple picture of the dynamics of a Josephson junction to understand
its behavior in quantum information processing or single-photon detection contexts.
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2.3. Photosensing with Graphene-based Devices

2.3.1. Graphene-based Josephson Junctions as Photon Detectors

Superconducting photon detectors feature a variety of detection mechanisms. Most of the con-
ventional detectors such as transition edge sensors and superconducting nanowire single pho-
ton detectors rely on the photon-induced breaking of Cooper pairs.114–116 For superconducting
nanowire single photon detectors, the excitation of Cooper pairs above the superconducting gap
creates a locally expanding hot spot in the superconducting detector material, finally result-
ing in a resistive switching of the material before returning to its superconducting state. This
mechanism has been proven to be very sensitive, enabling the detection of single photons.116

However, the energy resolution of this mechanism is intrinsically limited by the superconduct-
ing gap, which sets a cutoff. To solve this issue, a different detection mechanism is required
that creates an energy resolving environment. Instead of just using a superconducting material
alone, a promising approach is to combine materials with different properties in the form of a
Josephson junction. In the past, it has been revealed that the critical current in SNS junctions is
dramatically dependent on the temperature of the electrons in the metal of the weak link.117, 118

An increase in the effective electron temperature leads to a rapid decrease of Ic.

However, the choice of material in the SNS junction is paramount to maximize the sensi-
tivity of such a photon detector. Graphene is an exceptionally well suited material for photon
detection applications. As introduced in section 2.1, graphene exhibits a linear band structure
without a band gap, which enables broadband absorption of light down to microwave frequen-
cies, which are typically difficult to detect due to their low energy of only a few µeV. Addi-
tionally, at the Dirac point of graphene, the density of states is vanishingly small. This results
in an extremely low heat capacity and weak electron-phonon coupling. This is combined with
the ultrafast electron-electron thermalization timescale of only a few hundred femtoseconds of
graphene. Consequently, when a photon is absorbed by the graphene, it is immediately con-
verted to electronic heat that is kept by the electron system since it does not dissipate as fast to
phonons.

These properties make graphene Josephson junctions ideally suited for bolometric applica-
tions. A bolometer is sensitive to the power of incident photons. As schematically shown in
figure 2.12 a), a bolometer is a device in which energy of absorbed photons leads to a heat
increase in the material and subsequently to thermally-induced resistance alterations. Upon ab-
sorption of photons with power P , the heat increase ∆T of the thermal mass depends on its
temperature T and heat capacity C. The thermal mass is linked to a thermal reservoir by the
thermal conductance G. The detector speed of a bolometer is limited by the energy relaxation
in the thermal mass, given by the thermal time constant τ = C/G. The ability of SGS GJJs
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to act as ultrasensitive and ultrafast bolometers for microwave and infrared photons has been
first demonstrated by Lee et al.36 and Kokkoniemi et al.35 in 2020, followed by Walsh et al. in
2021.37 Their findings are briefly summarized below.

Figure 2.12.: a) Schematic of a bolometer. Photon with power P is absorbed by the thermal
mass with temperature T and intrinsic heat capacity C. Cooling is provided to the
thermal reservoir via the thermal conductance G. b) Voltage across the GJJ as a
function of bias current Ibias for different temperatures. The switching current Is of
the junction is highly temperature dependent. c) Illustration of the GJJ bolometer,
where a GJJ is coupled to a microwave resonator. d) The microwave resonator
has a resonance frequency near 8 GHz. e) At the resonance frequency, the average
observed switching current ∆Is exhibits a clear decrease, indicative of microwave
coupling to the junction. f) The microwave response at 126 fW and 0.19 K (red) of
the switching probability distribution P (Is) is compared to measurements at 0.19
(blue) and 0.45 K (green) without microwave input. g) Measured NEP (blue) and
fundamental thermal fluctuation limit of the NEP (orange). The average NEP of
the GJJ bolometer is 0.7 ± 0.2 aW Hz−1/2, corresponding to an energy resolution
of a single 32 GHz photon. Figure b)-g) adapted with permission from Lee, GH., Efetov,
D.K., Jung, W. et al. Graphene-based Josephson junction microwave bolometer. Nature 586,
42–46 (2020). Copyright 2020 Springer Nature.36

The GJJ-based bolometer reported by Lee et al.36 was developed in the group of Prof. K. C.
Fong and consists of a GJJ coupled to a microwave resonator as shown schematically in figure
2.12 c). The current voltage characteristics of the GJJ shown in 2.12 b) display the behavior of
an underdamped JJ. For underdamped JJs, the determination of the critical current Ic is non-
trivial because the transition from the voltage to the zero voltage state is hysteretic, depending
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on the current sweep direction. Therefore, the downswept current measurement in figure 2.12
b), exhibits a retrapping current Ir when the JJ enters the zero voltage state and a switching
current Is, when the transition to the normal state appears.

Interestingly, Is is extremely sensitive to temperature as indicated by the colors. The mi-
crowave resonator, explained in detail in section 2.5, is utilized to couple microwave radiation
at the resonance frequency of approximately 8 GHz, depicted in figure 2.12 d), to the GJJ. Re-
markably, the average observed switching current ∆Is of the device in figure 2.12 e) exhibits
a clear decrease at the resonance frequency, signaling the microwave responsivity of the GJJ.
The switching rate of the junction from superconducting to normal state is stochastic and can
therefore be described by a probability distribution. This rate is also known as the escape rate
from the RCSJ model. In figure 2.12 f) the switching probabilities P (Is) at 0.19 K and 0.45 K
with zero input power show a clear separation. For a very low microwave power of 126 fW
and 0.19 K, the switching histogram overlaps well with that at 0.45 K and zero input power,
indicating the same switching probability under these two conditions. This suggests that the
suppression of Is occurs due to the microwave radiation. It is possible to infer the sensitivity of
the GJJ bolometer from the suppression of Is in terms of noise-equivalent power (NEP). The
NEP is defined as minimum power to result in a signal-to-noise ratio of one over a bandwidth
of 1 Hz. The sensitivity of the bolometer is determined for different gate voltages and compared
to the fundamental thermal fluctuation limit of the NEP in figure 2.12 g). The NEP achieved by
the GJJ-based bolometer is on average 0.7 ± 0.2 aW Hz−1/2.36 Compared to bolometers based
on superconducting nanowire single photon detectors, the SGS device operates ∼ 105 times
faster and with much lower energy resolution, equivalent to a 32 GHz photon, due to the small
heat capacity C of the graphene electron system.

Using a different readout technique, Kokkoniemi et al. reported a NEP of 30 zW Hz−1/2 at
55 mK with an energy resolution of 30 GHz.35 Later Walsh et al. used an optical fiber to irra-
diate a graphene Josephson junction with photons of 1550 nm wavelength. In this experiment,
the near-infrared photons excite localized surface plasmons at the SGS interfaces, resulting in
a highly sensitive single photon detector.37 In the most recent study, Huang et al. reported
the calorimetric detection of single photons, i.e., the measurement of the internal energy of a
photon, using a GJJ.38 Following the work of Walsh and Huang et al., recent studies inves-
tigated the use of magic-angle twisted bilayer graphene for the bolometric detection of single
near-infrared photons.119, 120 Di Battista et al. illuminated MATBG devices with near-infrared
radiation and assessed the thermal response. Although these MATBG devices are not based
on JJs, they illustrate the unique thermal properties of graphene, which make graphene-based
superconducting photodetectors appealing for a wide range of applications such as dark matter
axion search and quantum information science.44, 121
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2.3.2. Graphene-based Plasmonic Photodetectors

In the previous section, the extraordinary properties of graphene-based Josephson junction
bolometers and their ultrahigh sensitivity down to the single photon regime have been intro-
duced. However, the application of these superconducting devices is restricted by their oper-
ation in a cryogenic environment. Therefore, significant advancements have been made to re-
alize sensitive graphene-based photodetectors aimed for operation at room temperature. Based
on the original idea of Dyakonov and Shur,122 graphene detectors for frequencies in the THz
regime have caught significant attention due to their potential use in various applications. These
graphene-based detectors operate on the excitation of plasmons, i.e., collective oscillations of
charge carriers, facilitated by various top gate structures. Such plasmonic graphene terahertz
field-effect-transistors (GTeraFETs) are able to rectify THz radiation if an asymmetry is present
in the system. An effective approach is to equip devices with so-called asymmetric dual-grating
gate (ADGG) structures, which serve multiple purposes that are explained in the following.123

Modern GTeraFETs consist of hBN-encapsulated graphene heterostructures and are based
on the THz excitation of graphene surface plasmon-polaritons (GSP).40, 124 These plasmons
are a graphene-specific subtype of surface plasmon-polaritons (SPP), which propagate along
the interface of a dielectric and a conductive medium. In conventional metals, the dispersion
relation for bulk plasmons ωbp =

√
ne2

ε0m
and SPP ωspp =

ωbp√
1+εr

depend on the carrier density
n of the conductor and the dielectric constant εr of the dielectric. Since the carrier density in
graphene is not only much lower, but also gate tunable, the dispersion relation of GSP ωgsp ∝√
EF and therefore ωgsp ∝ n1/4.125

However, it is generally impossible to directly excite GSPs with THz radiation, since the
dispersion relations of light and GSPs do not intersect, resulting in an energy and momentum
mismatch as shown in figure 2.13 a). This problem is solved by the addition of a grating
structure as illustrated in figure 2.13 b), which in the case of GTeraFETs is the ADGG.123, 124

According to Bragg’s law, the grating adds an extra momentum to overcome the mismatch
every time the wave vector of the GSP qgsp matches with a component of the diffracted incident
light k sin θ

qgsp = k sin θ ± nG, (2.38)

where n is an integer and with the reciprocal grating vector G = 2π
R

and grating lattice constant
R.125 Although, the periodic grating structure itself already enables the excitation of graphene
surface plasmon-polaritons, an additional asymmetry is necessary to generate a finite net pho-
tocurrent, without the need to apply a bias current.123

The ADGGs as shown in figure 2.13 c) significantly enhance THz rectification in GTeraFETs.
In combination with the global backgate, the topgate grating structure can be utilized to induce
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periodic abrupt pn-junctions in the graphene channel. This periodic electrostatic modulation
gives rise to various mechanisms such as the photo-thermoelectric (PTE) effect,126, 127 resistive
self mixing (RSM),128 plasmonic ratchet effect129–131 and the plasmonic drag effect,132 that result
in the conversion of incident THz radiation into a rectified DC photocurrent. The photocurrent
signal has contributions from these multiple mechanisms of which the disentanglement is com-
plex and non-trivial. A significant signal change is typically expected whenever ωspp matches
the incident THz frequencies near the CNP. This is shown in figure 2.13 d) as a function of
topgate voltage for different temperatures. Note that a finite photocurrent of tens of pA is still
detectable even at room temperature.40

Close to 4 K, the ADGG-GTeraFET reaches a maximum signal of approximately 4 nA, which
can be used to extract an important figure of merit, i.e., the current responsivity RI

RI =
π√
2

S

P

ST

SD
, (2.39)

Figure 2.13.: a) The momentum mismatch between the dispersion relation of light and graphene
surface plasmon-polaritons (GSP) can be resolved by additional momentum from
the grating. b) Schematic of a hBN-encapsulated GTeraFET with topgate grating,
which is required for the excitation of GSPs by incident THz radiation (red arrow).
c) (top) Exemplary ADGG GTeraFET device from Delgado-Notario et al., with
metallic source and drain contacts to the hBN-encapsulated graphene stack that
also includes a graphite backgate. (bottom) Highlighted image of the asymmetric
dual-grating gate with its characteristic distances. d) THz-induced photocurrent
as function of topgate voltage for different temperatures. Figure c) and d) adapted from
Delgado-Notario et al. (2022) under terms of the Creative Commons CC BY license.40
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where S is the detected signal, P is the power of the THz radiation with spot size ST at the
detector area SD. With RI , the measured channel resistance Rch and the noise spectral density
N , the NEP of these graphene-based THz detectors can be determined with40

NEP =
N

RIRch
=

√
4kBTRch

RIRch
. (2.40)

Using Eq. 4.18 and Eq. 4.19, maximum values of 0.216 A/W and 0.002 A/W could be
determined for RI at 4.5 K and room temperature, respectively. This results in minimum values
of 0.81 pW/Hz1/2 and 0.67 nW/Hz1/2 for the NEP at 4.5 K and room temperature, respectively.
These values are in good agreement with similar devices.124, 128, 131

Compared to the graphene Josephson junction-based detectors presented before, even at low
temperatures, the NEP of the ADGG-GTeraFET devices is orders of magnitude higher and
therefore still far away from single-photon detection level. Additionally, these detectors are
not able to provide energy resolution yet. However, significant performance improvements can
be expected in the future by gaining a better understanding of the detection mechanisms128 or
the utilization of lenses and antennas.39, 133 Another interesting approach to further improve
the performance of GTeraFET THz detectors is to replace the asymmetric dual-grating gate
with a tunable grating provided by surface acoustic waves (SAW).134, 135 In contrast to ADGGs
where the frequency range is determined by the fabricated gate pattern, a SAW grating can be
excited at various SAW frequencies and wavelengths by the use of so-called chirped interdigital
transducers (IDTs).136 SAW-induced phenomena in graphene devices have been investigated in
the past and showed signatures of pseudomagnetic field effects.137, 138 A SAW-based GTeraFET
could therefore be within reach and provide possibly high detection sensitivity combined with
unprecedented tunability.
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2.4. Microwave Spectroscopy

The preceding sections illustrated graphene’s capability to detect high frequency electromag-
netic radiation spanning from the radiofrequency to the microwave and terahertz regime. This
ability arises from the linear and gapless band structure of graphene, allowing broadband ab-
sorption. From a fundamental research perspective, it is equally intriguing to reverse this ap-
proach and instead of using graphene to sense radiation, use radiation as a tool to probe the
properties of graphene.

Magnetic resonance spectroscopy, which combines high magnetic fields with electromag-
netic radiation, is a powerful technique used to investigate electron and nuclear spin states.
The microwave spectroscopy of electron spins in experimental physics is typically referred to
as electron spin resonance (ESR) and is closely related to the investigation of nuclear spins,
known as nuclear magnetic resonance (NMR). ESR is a highly suitable method to study two-
dimensional charge carrier systems such as graphene. An external magnetic field B applied
perpendicular to the graphene electron system will energetically separate the spin up and down
states. The energy of a spin state is given by the Zeeman energy

EZ = gµBsB, (2.41)

with the electron g-factor (g = 2.0023 for the free electron) and electron spin s.20 The Zee-
man energy increases linearly with magnetic field and is proportional to the g-factor, as shown
schematically in figure 2.14 a). The energy difference between the two electron spin states with
ms ± 1/2 is referred to as Zeeman splitting energy ∆EZ

∆EZ = hν = gµB |∆ms|B = gµBB. (2.42)

Eq. 2.42 represents the resonance condition for ESR, allowing spin flip transitions, if the
microwave energy hν matches ∆EZ.20 In addition to the energy of the photon, the orientation
of its magnetic field component with respect to the orientation of the electron magnetic moment
µs = gµBs is important. In order to act as a tipping field and induce spin flips, the microwave
radiation effectively needs to be aligned perpendicular to the magnetic field.20

The Zeeman splitting ∆EZ for electrons lies in the µeV or GHz range. Therefore, the method
of ESR can be employed to investigate the low energy spectrum of graphene in a resistively-
detected electron spin resonance (RD-ESR) approach. A schematic of RD-ESR is shown in
figure 2.14 b), where a graphene Hall bar is subjected to microwave radiation provided by a
simple loop antenna under an external magnetic field. By measuring the longitudinal resis-
tance, resonance-induced resistance alterations can be detected. Although this approach is well
known in classical semiconductor science, Mani et al. pioneered RD-ESR in epitaxial graphene
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on SiC and deduced an energy splitting even at B = 0 T.15 A few years later, Sichau et al.

resolved this energy splitting in more detail in large-area graphene, obtained by chemical vapor
deposition (CVD), which is described in section 3. Their study revealed that the observed split-
ting can be attributed to a small energy gap in the graphene band structure of approximately 40
µeV, resulting from carbon’s intrinsic spin orbit coupling.17 Previously, Lyon and Sichau et al.

also determined the electron g-factor in graphene to be g = 1.952 ± 0.002.16 Using the same
approach, Singh et al. investigated large-area graphene on hBN, where the hBN-induced sub-
lattice symmetry breaking leads to a small gap of approximately 20 µeV in the graphene band
structure.18 These studies on large-area graphene illustrate the allure of RD-ESR microwave
spectroscopy. Due to its high sensitivity and ability to probe spin states, this method recently
has been used to investigate (naturally small) exfoliated graphene samples, in particular ADGG-
GTeraFETs and twisted bilayer graphene.139, 140 These studies verified the results of the ESR
studies on large-area graphene, although some claims about moiré effect-induced resonances in
TBG are under dispute.141

In materials with a nuclear spin, the electron spin resonance can be influenced by nuclear ef-
fects. In graphene, nuclear spin effects are typically neglected due to the low natural abundance
of the spin carrying isotope 13C (I = 1/2) of only 1.1 %. In addition, the hyperfine interaction
is expected to be small. This interaction describes the coupling of electron and nuclear mag-
netic moments arising from their individual spins. The effective Hamiltonian of the hyperfine
interaction can be expressed as

ĤHFI = sĀI, (2.43)

Figure 2.14.: a) Linear magnetic field dependence of the electron Zeeman splitting. At the
resonance condition, microwave radiation with energy hν matches the Zeeman
splitting energy ∆EZ and induces electron spin flip transitions. b) Schematic of
a resistively-detected ESR measurement. A graphene Hall bar sample under a
perpendicular external magnetic field is irradiated with microwaves provided by a
loop antenna.
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with the hyperfine interaction tensor Ā, that mediates the coupling between electron spin s and
nuclear spin I . The hyperfine interaction is effectively constructed by two contributions. The
first interaction is the dipole-dipole interaction between the magnetic moments µs and µN and
their local stray fields as shown in figure 2.15 a). The second contribution describes the interac-
tion when the electron is close to the nucleus and is referred to as the Fermi contact interaction.
This mechanism is the major contribution to the overall hyperfine interaction and depends on
the density of the conduction electron wave function at the nucleus. In contrast to materials
with conduction electrons in s-orbitals and thus a large isotropic overlap at the site of the nu-
clei, graphene’s conduction electrons have p-orbital character, as shown schematically in figure
2.15 d). This corresponds to a vanishingly small Fermi contact interaction and therefore small
overall hyperfine interaction in graphene. However, a possible approach to enhance nuclear
effects in graphene is the use of isotopically purified 13C graphene with a 13C content close to
100 %.

Analogous to its electron counterpart, a nuclear spin is aligned by an external magnetic field,
leading to nuclear Zeeman splitting of its ground states. However, the nuclear spin degeneracy
(2I + 1) can be larger than 2 and due to the large proton mass, the nuclear Zeeman splitting is
generally two or three orders of magnitude smaller than the electron Zeeman splitting, as illus-
trated in figure 2.15 b).20 According to the Maxwell-Boltzmann law, the spin state population is
temperature dependent and the distribution for the number of spin up (down) N↑ (N↓) is given
by

N↑
N↓

= exp

(
−∆EZ

kBT

)
= exp

(
−gµBB

kBT

)
. (2.44)

The resulting Boltzmann distributions for electrons and nuclei in 13C graphene are depicted
in figure 2.15 c). For magnetic resonance spectroscopy, a finite spin state imbalance is required
to yield a sizeable signal from resonance-induced spin flip transitions. While the ratio N↑/N↓
for electrons differs significantly from unity at temperatures below 10 K and moderate magnetic
field strengths, this is not the case for nuclear spins. Due to the much smaller Zeeman splitting,
a significant spin imbalance is reached only at high magnetic fields and ultralow temperatures
in the mK-range. In addition, the low number of atoms in a single graphene layer limits the
maximum signal. These experimental boundary conditions make direct NMR measurements in
13C graphene extremely challenging.

Motivated by the use of 13C nuclear spins as qubits for quantum information processing
and a precise determination of the hyperfine interaction strength in graphene, studies have in-
vestigated 13C carbon nanotubes and 13C graphene.19, 50, 142–144 While the study on 13C carbon
nanotube quantum dots reported a surprisingly large hyperfine interaction,142 transport studies
on 13C graphene did not show any signs of nuclear effects.143, 144 Dynamic nuclear polarization
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Figure 2.15.: a) Visualization of the hyperfine interaction between the electron spin and nu-
clear spin. The stray field of the electron magnetic moment µs (blue) acts on the
magnetic moment of nuclear spin µN (red) and vice versa. b) Oversimplified com-
parison of the electron Zeeman splitting (blue) and the nuclear Zeeman splitting
(red), which is much smaller due to the much larger proton mass. c) Temperature
dependency of the ratio of opposing spin states N↑/N↓ following the Maxwell-
Boltzmann law at different magnetic fields for electron spins (blue, left) and nu-
clear spins (red, right). For nuclear spins, the temperature scale of significant
spin polarization is three orders of magnitude smaller. d) Comparison between
s-orbitals and p-orbitals and their respective conduction electron density (blue) at
the nucleus (red). 13C graphene exhibits a small Fermi contact interaction due to
the p-orbital character of the charge carriers.

(DNP) through the application of ESR that continuously excites electron spins to enhance the
nuclear polarization in 13C graphene has shown signatures of hyperfine effects.19, 145 To study
these nuclear effects in more detail, experimental limitations need to be overcome. For ex-
ample, the low nuclear Zeeman splitting energy requires mK-temperatures. In ESR and NMR
experiments, the application of microwaves via simple loop antennas, as introduced in figure
2.14 b), is usually very inefficient. Due to high losses and subsequently high radiation power,
this technique leads to an unavoidable heat increase at the position of the sample, destroying
any nuclear spin imbalance N↑/N↓. Thus, a more efficient way to couple microwave radiation
to graphene devices with less introduced heat is necessary. Possible approaches to address this
challenge will be discussed in the next section 2.5.
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2.5. Enabling Technologies

The electromagnetic frequency range spanning from the low MHz range to several hundreds
of GHz encompasses wavelengths ranging from hundreds of meters to millimeters. These are
enormous distances compared to typical van der Waals device sizes discussed in this thesis and
commonly used in industrial micro-electromechanical systems (MEMS) fabrication. Neverthe-
less, high-frequency electromagnetic signals are integrated on-chip as an essential part of micro-
and nanostructured circuits in research and applications. However, compared to low frequency
circuits, it is possible that the electromagnetic wavelength at high frequencies is smaller than
the circuit that is under investigation. The propagation of electromagnetic signals with smaller
wavelengths than the electrical circuit dimensions is described by transmission line theory.146

The foundation of transmission line theory is the distributed element model, which describes
the propagation of electromagnetic waves along transmission lines in good approximation. This
representation treats the transmission line as being composed of infinitesimally small elements
distributed continuously along its length, instead of a single lumped element with resistance R,
inductance L, capacitance C, and conductance G concentrated at a single point.146 Since trans-
mission lines always consist of two conductors (signal and ground), they are often schematically
represented as two-wire lines as shown in figure 2.16 a). Here, a piece of line with infinitesimal
length ∆x is modeled as a lumped-element circuit. Applying Kirchhoff’s law to this infinitesi-
mally small piece circuit leads to the telegrapher equations

∂v(x, t)

∂z
= −Ri(x, t)− L∂i(x, t)

∂t
,

∂i(x, t)

∂z
= −Gv(x, t)− C∂v(x, t)

∂t
.

(2.45)

These equations describe how voltage and current waves propagate and are affected by the
distributed resistance, inductance, capacitance, and conductance of the line. By applying these
equations, the characteristic impedance of a transmission line can be expressed as

Z0 =

√
R + jωL

G+ jωC
, (2.46)

with the circular frequency ω of the transmitted signal. The impedance is defined as the ratio of
the voltage and current amplitudes of the signal V/I and has the unit Ohm (Ω). The transmission
of a signal between two interfaced parts of a transmission line depends on the impedance of each
part. Perfect transmission only occurs in the case of impedance matching, avoiding reflection
and losses. Hence, the impedance of most components in microwave engineering is designed
to match a standard impedance of 50 Ω.

Among the most popular transmission line concepts are coplanar waveguides (CPWs), which
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are heavily used in today’s quantum information science as an essential building block of circuit
quantum electrodynamics (QED). CPWs were first introduced by C. P. Wen in 1969 and consist
of a central signal transmission line and its two neighboring ground planes, all sitting on a
dielectric substrate.147 A schematic drawing of a CPW with the most important geometric
lengths is depicted in figure 2.16 b). The transmission behavior of the CPW depends on the
thickness of the conductor t and the dielectric substrate h, as well as on the width of the signal
line w and the distance from the signal line to the ground planes s.

Figure 2.16.: a) Lumped element representation of an infinitesimal length ∆x of a transmission
line inside the distributed element model framework. b) Schematic drawing of
a coplanar waveguide (CPW) with its characteristic lengths. The conductor is
shown in green, the dielectric in dark violet. The electric and magnetic field lines
of the CPW are illustrated in orange and yellow, respectively.

The characteristic impedance of a CPW can be fine tuned by designing w and s, which
construct the geometrical parameters k = w

w+2s
and k′ =

√
1− k2. Approximating a lossless

CPW, the characteristic impedance is given by

Z0 =

√
Ll
Cl
≈ 30π
√
εeff

K(k)

K(k′)
. (2.47)

This is the result of a conformal mapping approach, which will not be presented here and is
described in detail in different books.148–150 K(k) and K(k′) are elliptic integrals and their ratio
K(k)/K(k′) can be simplified to:

K(k)

K (k′)
=

π

ln
(

21+
√
k′

1−
√
k′

) for 0 ≤ k ≤ 0.707, (2.48)

K(k)

K (k′)
=

ln
(

21+
√
k′

1−
√
k′

)
π

for 0.707 ≤ k ≤ 1. (2.49)

The effective permittivity is given by εeff ≈ εr+1
2

, with the dielectric constant εr of the sub-
strate.148, 149 The phase velocity of the wave propagating along the transmission line has the
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relation

vph =
1√
LlCl

, (2.50)

with Ll and Cl defined as151

Ll =
µ0

4

K(k′)

K(k)
, (2.51)

Cl = 4ε0εeff
K(k)

K(k′)
. (2.52)

In practice, many approximations made in the considerations above do not hold completely.
Even superconducting coplanar waveguides are not lossless. The thickness of the conducting
layer, the size of the ground planes and many additional effects will influence the transmission.
The loss of transmission, i.e., the attenuation of a CPW, consists of at least three categories:
dielectric loss αd, conductor loss αc and radiation loss αr. The total attenuation is a sum of
these three contributions: αt = αd + αc + αr.150

The dielectric loss αd is proportional to the dielectric loss tangent of the substrate αd ∝ tan δe,
which is material dependent. Good dielectric materials with low losses are high-resistivity sili-
con or sapphire for example. The choice of dielectric material always depends on the intended
application of the coplanar waveguide. Generally, insulating materials with as high resistivities
as possible are desirable. The opposite is true for the conducting material where a high conduc-
tivity is desirable. However, at high frequencies, the main contribution to conductor loss αc is
the skin effect, which describes the concentration of AC currents at the surface of the conductor.
This effect scales with increasing frequency. The skin depth δ is the distance below the surface
of the conductor that still contributes significantly to transport and is defined as

δ =

√
2ρ

ωµc
, (2.53)

with the resistivity ρ and permeability µc of the conductor. The film thickness of the conductor
t should be sufficiently large (multiple δ) to reduce conductor loss.150 Compared to conven-
tional microstrips, which only consist of the signal line without groundplanes, CPWs have less
radiation loss due to the shielding by the ground planes. Nevertheless, CPWs still show signif-
icant radiation loss in the out-of-plane direction because of their open structure. The dominant
radiation loss mechanism is the so-called leaky mode, which occurs if the phase velocity in the
line exceeds the phase velocity in the substrate. This effect increases with increasing signal
transmission line width. In superconducting CPWs, the phase velocity (vph ∝ 1√

Ll
) is reduced

due to the kinetic inductance Lk
l , allowing for ultralow loss transmission.
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For superconductors, the inductance Ll = Lm
l + Lk

l is a sum of the geometric (magnetic)
inductance Lm

l and the kinetic inductance Lk
l given by102

Lk
l =

h̄RN

π∆
. (2.54)

Here, RN is the normal state resistance and ∆ the superconducting gap of the superconduc-
tor. The kinetic inductance describes the inertia of moving Cooper pairs in a superconductor
and can contribute significantly to the overall inductance.151, 153

Microwave resonators

CPWs are often used in the form of microwave resonators. Such a resonator is formed when a
part of the center conductor is separated from the rest of the transmission line by two coupling
gaps, as shown in figure 2.17 a). The transmission behavior of resonators is different from
transmission lines, which transport the signal ideally without any reflections on a broadband
frequency range. Because of the two coupling gaps, a standing wave can form at the correct
frequency, depending on the length of the resonating piece of the center conductor. This is
schematically depicted in figure 2.17 b), where the voltage profile along the resonator distance
is illustrated. The case of two gaps leads to a voltage profile of a standing wave with twice
the wavelength λ of the resonator length l = λ/2. However, one side of the resonator can be
terminated differently. Instead of an open circuit (gap), one side is shorted to ground, leading to
a fixed voltage of zero at this point. This results in a voltage profile, where only a quarter of the
wavelength matches the resonator length l = λ/4. Thus, the termination of a resonator, open or
short, determines whether it is a λ/2 or a λ/4 resonator.

The frequency which matches the resonator length is the fundamental resonance frequency
f0 given by153

f0 =
vph

λ
=

c
√
εeff

1

λ
, (2.55)

with λ = 2l (λ = 4l) for an open (short) terminated resonator, respectively. Around the res-
onance frequency, the properties of a microwave resonator can be approximated by a lumped
element, parallel LCR circuit, as shown in figure 2.17 c). The input impedance into such a
parallel LCR-circuit is

ZRLC =

(
1

R
+

1

jωLR
+ jωCR

)−1

, (2.56)

with the resistance R, magnetic inductance LR and capacitance CR of the resonator.146 The
angular resonance frequency of this circuit is given by
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ωn = nω0 =
1√
LRCR

, (2.57)

where n denotes the resonance mode number.

Figure 2.17.: a) By separating a part of the center conductor with two gaps from the rest of
the transmission line, a λ/2 microwave resonator is formed with length l. b)
Voltage profile of a standing electromagnetic wave in open (blue) and short (red)
terminated resonator. Depending on the termination, the resonator becomes a
λ = 2l or λ = 4l resonator. c) Representation of the resonator by a parallel
LCR-circuit. The grey shaded parts provide input and output coupling while
the parameter inside the blue shaded region constitute the internal quality factor
Qint. d) Exemplary resonance peak of a λ/2 resonator from Göppl et al., with
f0 ≈ 4.7 GHz and QL ≈ 105. Figure c) and d) adapted with permission from M. Göppl,
A. Fragner, M. Baur, R. Bianchetti, S. Filipp, J. M. Fink, P. J. Leek, G. Puebla, L. Steffen, A.
Wallraff; Coplanar waveguide resonators for circuit quantum electrodynamics. J. Appl. Phys. 1
December 2008; 104 (11): 113904. Copyright 2008 by AIP Publishing.153

The quality factor Q of a resonant circuit is a quantity that compares the amount of stored
energy to the amount of energy loss. The higher the loss, the lower the quality factor. The
quality factor can be divided in the internal quality factor of the resonator Qint and an external
quality factor Qext.146 These two contributions are used to calculate the loaded quality factor QL

1

QL
=

1

Qint
+

1

Qext
. (2.58)

This loaded quality factor can be determined from the measured transmission spectrum of
the resonator. An exemplary resonance of a λ/2 resonator is shown in figure 2.17 d), with
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f0 ≈ 4.7 GHz. At the resonance of the λ/2 resonator, the input power is transmitted instead of
being reflected, leading to a peak in transmission. The loaded quality factor can be calculated
from the measured peak with

1

QL
=
f0

δf
, (2.59)

where δf is the full width half maximum of the resonance peak.153 The loaded quality factor
decreases due to resistive loading RL resulting from the capacitive coupling of the resonator
to external input and output lines. In addition, the simultaneous capacitive loading leads to a
frequency shift of f0. Generally, a larger coupling capacitance CK leads to more microwave
power coupled into the resonator, but leads to a decrease in QL.153

While early research on coplanar waveguides for circuit QED and microwave spectroscopy
often used λ/2 resonators,153 modern approaches focus on transmission feedline coupled λ/4
resonators.154 These architectures allow the coupling of multiple λ/4 resonators with different
resonance frequencies to a single feedline that is used for readout. This simple frequency-
domain approach to multiplexing enables the coupling and readout that is necessary for certain
microwave spectroscopy applications and scalable quantum processors.155, 156

Employing coplanar waveguides or microstrip lines offers the possibility to efficiently cou-
ple high frequency electromagnetic radiation on-chip to other structures such as vdW devices.
Different approaches that were realized as part of this thesis are presented in the next chapter
3. In contrast to loop antennas, on-chip transmission lines are advantageous due to their close
proximity to the structures of interest. Since the intensity of radiation is inversely proportional
to the square of the distance I ∝ 1

r2
, this allows the use of much lower applied microwave

power to reach the same AC fields at the sample. As explained previously, this can be crucial
to enable ultralow temperature microwave spectroscopy of fragile and sensitive states, such as
the nuclear spin polarization of 13C graphene. Although microwave spectroscopy with high-
frequency waveguides at low temperatures is an established technique,155, 157, 158 its huge poten-
tial for the investigation of vdW materials remains largely unexplored. However, vdW materials
were identified as a highly valuable addition to high-quality circuit QED and the first vdW-only

qubit could be within reach.81, 159
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3. Device Fabrication and
Experimental Techniques

3.1. Van-der-Waals Devices

During the time of this project, a substantial amount of work was spent to optimize the device
architecture and to improve the quality of the investigated vdW structures. At the start of this
work, three main categories were identified where significant improvements are necessary to
achieve the set goals: vdW materials, electrical contacts and high-frequency circuit integration.
Substantial advancements in these areas also provide a solid foundation for future scientific
progress in this group. The following chapter will summarize the experimental details and ad-
vancements made in vdW device fabrication. Starting with the preparation of vdW materials,
two different graphene sources are introduced: large-area polycrystalline graphene and small-
sized exfoliated graphene. While large-area graphene was mainly used in the beginning, device
fabrication focused on exfoliated vdW materials towards the end of this work. Notably, isotopi-
cally purified 13C graphene could initially only be obtained in the form of large-area graphene.

3.1.1. Large-Area Graphene

The large-area graphene used in this work is either commercially available 12C monolayer
graphene grown by chemical vapor deposition (CVD) (Graphenea) or isotopically purified 13C
few-layer graphene grown by molecular beam epitaxy (MBE). The 13C few-layer graphene
was provided by Dr. Joao Marcelo J. Lopes from the Paul-Drude Institut für Festkörperphysik
Berlin. Both types of graphene are grown on thin copper foil, which acts as a catalyst and
substrate during growth. Thus, the Cu foil needs to be removed from the graphene before it is
transferred onto a target substrate. The whole large-area graphene fabrication process is adapted
with modifications from Lyon et al.23 and presented in short below.

The fabrication of large-area graphene devices is based on the widely used wet transfer ap-
proach.23, 160 First, a large piece of graphene on Cu foil is spin coated for 60 s with 4000
rpm with a protective layer of PMMA (950 K, AR-P 672.045, Allresist). This polymer re-
sist also acts as a supporting layer during the wet transfer process to avoid crumbling of the
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fragile graphene sheet. After cutting the PMMA-coated graphene on Cu foil into small pieces
(< 1× 1 cm2), individual pieces are placed floating for several hours in an aqueous solution of
Fe3(NO3)3 · 9 H2O to remove the Cu foil. After the copper foil is fully dissolved, the graphene
piece with PMMA on top is transferred to clean DI water for 10 min at least three times. Subse-
quently, the graphene/PMMA piece is cleaned in a solution of 5 ml 32 % HCl, 4 ml 30 % H2O2

and 100 ml DI H2O for 15 min to remove inorganic contaminants, followed by an additional
DI water step. A second cleaning step is performed in a solution of 1 ml 30 % NH4OH, 1 ml
30 % H2O2 and 100 ml DI H2O for 3 min to reduce organic contaminants. After three more DI
water steps, the graphene/PMMA piece is ready to be transferred onto the target substrate. This
substrate and its preparation can vary depending on the intended experiment and device design.
Before the graphene transfer, the substrate is cleaned with acetone and isopropanol before per-
forming an O2 plasma cleaning step. To transfer the graphene/PMMA on the target substrate,
the floating graphene piece is carefully scooped up from below with the substrate. Any remain-
ing water trapped in between the substrate and the graphene/PMMA is removed by drying the
sample in an oven at 50 ◦C. The temperature is slowly increased to 150 ◦C and baked for an-
other 15 min. The protecting PMMA layer is removed by immersing the sample in AR 600-76
PMMA remover (Allresist) for 30 min, followed by acetone and isopropanol cleaning. Finally,
the graphene is annealed to the substrate in a rapid thermal annealer (RTA) at 180 ◦C for four
hours. Afterwards, the large-area graphene is ready for further processing steps.

Due to the large-area of graphene grown by CVD and MBE, it is useful for applications and
wafer scale fabrication.161, 162 However, CVD and MBE graphene typically exhibit a substantial
amount of defects such as grain boundaries, wrinkles, folds and contamination from the trans-
fer process.22 Therefore, the electronic quality of CVD and MBE graphene is inferior to that
achieved in single crystalline, exfoliated graphene.

3.1.2. Exfoliated 2D Materials

Exfoliated van der Waals materials offer unparalleled electronic quality and are the building
blocks for complex vdW heterostructures. Small flakes of vdW materials are obtained after
exfoliation, which can be stacked, twisted and encapsulated by hBN, hardly possible with CVD
or MBE grown 2D materials. In the following, the exfoliation recipe is presented for graphene
and hBN, which are the two vdW materials used in this work.
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Figure 3.1.: a), b) A large graphite flake is placed on a piece of Scotch tape several times. c)
A small but densely covered area should be the result. d) The graphite is first
distributed along the width of the tape. e) With the minimum number of folds, the
graphite is distributed across the entire length of the tape. f) The resulting tape
should be very homogeneous and densely covered. g) Si chips are placed on the
most homogeneous spots on the tape. h) The tape with the attached chips is flipped.
i) The tape is covered with a wipe and pressed on the chips with a finger from the
top. j) Applying pressure attaches the tape and its graphite to the Si surface and
removes trapped air. k) The chips with the tape on top are heated at ∼ 100 ◦C for
3 min. l) At room temperature, the tape is removed as slowly as possible.
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Exfoliation
The flakes for subsequent fabrication steps are obtained by mechanical exfoliation from bulk
crystals on silicon substrates with 285 nm dry thermal SiO2 (Microchemicals). The 285 nm ox-
ide layer is used to optimize the optical contrast of thin graphene, facilitating the identification
of the desired flakes.163 Small chips of ∼ 7× 7 mm2 are cut from the silicon wafer after which
dust is removed with nitrogen gun. Note that any wet cleaning steps including solvents are
avoided. Following the process by Huang et al., the Si chips are treated with strong O2 plasma
(> 2 min at 200 W and 20 sccm O2) by reactive ion etching (RIE) immediately prior to exfoli-
ation.164 The O2 plasma cleaning removes organic residues and ambient adsorbates, drastically
increasing the yield of usable flakes. The same wafer treatment is used for all 2D materials.

The complete exfoliation process for graphene is shown in figure 3.1. The first step of exfoli-
ation is the tape preparation. A large bulk graphite flake (flaggy flakes, NGS graphite) is placed
several times on a small area of Scotch tape, leading to a densely covered region. The amount of
material needs to be adjusted according to the length of the tape and requires training to obtain
the best tapes. The tape is folded to cover as much tape as possible with the minimum number
of folds (< 10 folds), as each fold will reduce the size of potential graphene flakes. Therefore,
the first folds are used to spread the graphite across the width of the tape and to increase graphite
spot density. The remaining folds are used to distribute the graphite material homogeneously
across the entire length of the tape. Note, that for exfoliated 13C graphene only small graphite
crystals are available (NIMS Japan), which are placed directly on the tape.

Once the Si chips are treated with O2 plasma, as many chips as possible (∼ 5 - 10) are posi-
tioned upside down on the prepared graphite tape. Chips are placed on the most homogeneous
areas on the tape. The tape with the attached chips is flipped and placed on a clean glass slide
and covered with a clean room wipe. For graphene exfoliation, the tape is now pressed as hard
as possible to the Si chips from the top with a finger for 1 min each. Note that the force should
only by applied in vertical direction, avoiding any lateral movements that would destroy large
flakes by shear forces. The pressing removes any trapped air between the graphite and the
wafer, maximizing the contact area of the graphite flakes to the wafer, which will be important
for the yield of large flakes. The glass slide with the mounted Si chips and attached tape is
placed on a hot plate for three minutes at 100 ◦C. Longer heating periods and higher tempera-
tures do not improve yield and instead lead to increased glue residues. After cooling down to
room temperature the actual act of exfoliation is performed. While keeping the chips in place
with a tweezer, the tape is peeled off as slow as possible. The slow motion is very important
to avoid breaking of larger flakes. During the removal of the tape, the van der Waals forces of
the graphene in contact to the silicon and of the graphene to its adjacent layers in the graphite
compete. In the best case, the adhesion of the graphene to the SiO2 surface is larger, resulting
in cleaving of the graphite flake, which remains with the tape, leaving a monolayer graphene

46



3.1.2 Exfoliated 2D Materials

flake on the chip. However, not only monolayers, but also bilayers, few-layers (3 - 10 layers)
and multilayers (> 10 layers) will result from exfoliation on a wafer.

A similar approach is used for hBN flakes. The bulk hBN crystals are provided by Takashi
Taniguchi and Kenji Watanabe from NIMS, Japan. These crystals have the best quality and
yield the largest flakes after exfoliation. However, compared to graphite, their supply is limited
and material efficiency is important. Hence, after a homogeneously covered hBN tape with
a shiny, bright and colorful appearance is prepared from a few small hBN bulk crystals, an
additional tape is attached to the first mother tape and subsequently peeled off. This process
can be repeated three times, resulting in a total of four tapes (including the mother tape). This
approach also results in thinner flakes in the end, which is desired for the stacking procedure.
After placing as many chips as possible on a hBN daughter tape, the tape is gently pressed to
the wafers with much less force since the hBN crystals tend to break into smaller pieces much
easier. Without heating, the tape is left on the wafers for a few minutes before peeling off.
Again, the tape is removed as slowly as possible.

Figure 3.2.: a) Exemplary Si chip after mechanical exfoliation of graphene. Among glue
residues and thick graphite flakes, thin graphene can be found as marked by the
red circle. Scale bar is 1 mm. b) Magnified view of a large monolayer graphene
flake found after exfoliation. Scale bar is 20 µm.

The identification of usable hBN and graphene flakes is performed with a good optical micro-
scope (here Olympus BX51, other groups often use a Nikon Eclipse LV150 with NIS Elements
software). Six criteria are used to evaluate the flakes: thickness, size, homogeneity, form, iso-
lation and cleanliness. For each Si chip of an exfoliation run, a wafer map is created, capturing
the location in combination with an optical image of good flakes. An exemplary Si chip after

47



3.1.2 Exfoliated 2D Materials

mechanical exfoliation of graphene is shown in figure 3.2 a), with a magnified view of a mono-
layer graphene flake that can be found on this chip in b). To illustrate the selection criteria,
figure 3.3 compares optical images of different graphene flakes. The three flakes shown in fig-
ure 3.3 a) to c) have a good size and thickness (< 3 layers), but are either inhomogeneous or
badly isolated from other flakes, making them difficult to use during the stacking process. In
contrast, the graphene flakes in d) to f) are well isolated, mostly homogeneous and have a large
size. The flake in d) has a small crack at its center, which is actually an ideal position to cut the
flake. This would allow cutting and twisting this flake, to fabricate twisted bilayer graphene.
The same selection criteria also apply for hBN, although a few differences have to be consid-
ered. Figure 3.4 compares optical images of different hBN flakes. Since the used hBN flakes
are typically multilayers with thicknesses between 10 nm and 40 nm, cracks and folds in hBN
flakes, as shown in figure 3.4 a), can lead to tearing and folding of flakes during the stacking
process. Additionally, thinner flakes generally lead to less bubbles trapped in between stacked
layers and improve the visibility of graphene after stacking. Suitable hBN flakes should fully
encapsulate the graphene flake and therefore require a large size in addition to good homogene-
ity, isolation and thickness. The thickness of hBN flakes can be measured by AFM or identified
from their colorful appearance.165 For 300 nm and 285 nm SiO2 substrates, hBN flakes with the
correct thickness range from a dark blue (10 nm) to a light green (40 nm).

Figure 3.3.: a) to c) Unsuitable graphene flakes as indicated by the red dot. Although the flakes
have a good size, they are inhomogeneous or not well isolated. d) to f) Suited
graphene flakes that are homogeneous, well isolated and have a good size. The
flake in d) could be used for twisted bilayer graphene due to the large size and a
small crack in the center that could be used for cutting. All scale bars are 20 µm.
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Figure 3.4.: a) to c) Unsuitable hBN flakes as indicated by the red dot. a) Due to the cracks and
folds, this hBN flake is likely to disintegrate during stacking. b) Although this flake
is very large, the flake is too thick to fabricate a stack. c) Although the thin hBN
flake itself would be suited for stacking, the very thick flake in close proximity
would lead to problems during the stacking procedure. d) to f) Well-suited hBN
flakes for stacking with decent thickness, size, homogeneity and isolation. All scale
bars are 50 µm.

The thickness of graphene flakes is mainly determined by optical contrast.165 Without the
necessary experience, optical contrast analysis can be performed with the open source software
Gwyddion. However, a calibration and verification of the optical contrast values is recom-
mended either by AFM or Raman spectroscopy.166 The so-called G and 2D peaks in Raman
spectroscopy allow for the reliable and accurate determination of the number of graphene lay-
ers.166, 167 Monolayer graphene typically exhibits an intensity ratio of the two peaks I2D/IG > 2

and a full width half maximum (FWHM) of the 2D peak of ≤ 30.167, 168 Raman spectroscopy
excites vibrational modes that are inversely proportional to the square root of the atomic mass,
making it sensitive to the mass constituents of carbon. Therefore, this method allows differen-
tiation of natural 12C graphene and isotopically purified 13C graphene. The 2D and G Raman
peaks display a shift toward lower wave numbers by a factor of

√
13/12 due to the mass dif-

ference between the isotopes.169, 170 The Raman spectra of different graphene species are com-
pared in figure 3.5. The I2D/IG ratio for exfoliated monolayer graphene is significantly higher
than for CVD monolayer graphene. The MBE-grown 13C few-layer graphene shows a reduced
I2D/IG ratio and a high 2D-FWHM, indicating 4 to 5 layers. The spectrum of this 13C few-
layer graphene also exhibits a large D peak, suggesting a high defect density. The characteristic
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shift of the 2D and G peak to lower values is visible for both exfoliated and MBE-grown 13C
graphene.

Figure 3.5.: Raman spectra of different graphene species: 12C exfoliated monolayer graphene
(blue), 13C exfoliated monolayer graphene (red), 13C CVD monolayer graphene
(green), 13C few-layer graphene (orange). The values for the respective I2D/IG ra-
tios and the full width half maximum (FWHM) of the 2D peak are given, which are
used to determine the number of layers. For comparison, all spectra are normalized
to a G peak value of 1.

After identifying potentially useful hBN and graphene flakes, the final stack has to be planned.
The active layer, i.e., the graphene, has to fit to the required geometric dimensions according
to the intended experiment and device design. For small sized GJJs, even graphene flakes with
just 10× 10 µm2 are acceptable while other devices such as GTeraFETs may require elongated
flakes with a minimum size of 40 × 10 µm2. For hBN-encapsulated graphene heterostructures,
the hBN flakes should be large enough to comfortably cover the complete graphene flake, leav-
ing space for potential misalignment or shifts during the stacking procedure.

Stamp preparation
The assembly of vdW materials can be performed in different ways. In this work, a modified
dry-transfer technique is used that is based on polymer stamps.171, 172 These stamps need to be
prepared prior to the stacking procedure and consist of two different polymers. The first step is
to fabricate small hemispheres from polydimethylsiloxane (PDMS), in the following referred to
as PDMS bubbles. The PDMS acts as a transparent, soft viscoelastic cushion for the vdW flakes
during stacking. Approximately 5 g to 8 g of base component silicone elastomer is mixed with
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its polymerization initiator (Sylgard 184) in a ratio of 10:1. After trapped air from the mixing
of the two components is removed in vacuum for at least 30 min, small droplets of the PDMS
mixture are placed on a hydrophobic 4" Si wafer. The functionalized hydrophobic surface of the
wafer results in an increased contact angle of the droplets that promotes a stronger curvature.
This method yields small droplets that should have a diameter of 2 nm to 3 mm. Typically,
around 100 PDMS bubbles can be prepared in one run. The full polymerization of the PDMS
bubbles takes 48 hours, after which they can be picked up carefully with a tweezer and moved
into storage.

Figure 3.6.: a) Multiple PDMS bubbles with varying sizes stored on large glass slides. b) For
the polymer stamp, a small PDMS bubble is placed in the hole in the center of
double sided Kapton tape on a glass slide. c) Scotch tape with a hole is attached
to a small piece of the prepared PC film. By making a cut, the remaining PC film
is separated from the part which will be used for the stamp. d) The free standing
PC film is positioned on top of the PDMS bubble and the Scotch tape is carefully
attached to the Kapton tape.

In the next step, a thin film of polycarbonate (PC) is prepared, which acts as an adhesive layer
to pick up the flakes. First, PC pellets are dissolved in chloroform to form a solution of 5 wt. %
PC. The solution is left overnight and stirred on the next day to ensure that the PC pellets are
completely dissolved. The final PC solution can be used for several weeks. As chloroform will
evaporate over time, the concentration will become incorrect after extended use, making the
solution no longer usable. To fabricate the PC film, two very clean glass slides are required that
are cleaned thoroughly with acetone and isopropanol and blow dried with N2 beforehand. One
of the glass slides is used as a substrate for 5 to 8 droplets of PC solution. Then, the second glass
slide is placed on top to homogeneously distribute the PC between the glass slides. By sliding

51



3.1.2 Exfoliated 2D Materials

the two glass slides apart, a thin and homogeneous film is obtained on both glass slides. Both
glass slides with PC film on top are heated for 5 min at 95 ◦C to remove solvent residues and to
improve the homogeneity of the film. The fabricated PC films should be used within two weeks.

When the PC films and PDMS bubbles are prepared, it is possible to fabricate the complete
PDMS/PC stamps as depicted in figure 3.6. For this, a 1× 1 cm2 piece of double sided Kapton
tape is placed on one end of a clean glass slide after punching a hole in the center of the Kapton
tape piece. A small PDMS bubble is placed in the center of this hole as shown in figure 3.6 b).
A piece of Scotch tape is also equipped with a hole in its center and subsequently placed on the
glass slide with the fabricated PC film. Since the PC film will be used for multiple stamps, only
a minimum region of PC film is covered to maximize the yield. The Scotch tape is carefully
pressed to the PC film to optimize contact and a cut is made with a scalpel next to the tape.
The tape can be slowly peeled off together with the PC film, resulting in a freestanding PC film
in the hole region. Finally, this PC film is aligned and transferred on top of the PDMS bubble
and the double sided Kapton tape. By carefully removing any trapped air between the Scotch
tape and the Kapton tape, the PC film is slightly stretched and conforms tightly to the PDMS
surface. After cutting any excess Scotch tape, the stamp is finished and ready for stacking.

It was found that other stamp preparation methods did not result in reproducible and good
results. For example, spin coating the PC solution on the glass slides equipped with PDMS
bubbles tends to result in thinner films which are prone to tear during the stacking process. This
is independent of the spin coating parameters and probably a result of the hemispherical shape
of the PDMS. Furthermore, for an extended time, polypropylene carbonate (PPC) was used
as an alternative adhesive polymer before moving to PC. Earlier reports on the dry transfer
technique used the temperature dependent adhesion of PPC to vdW materials to pick-up and
release individual flakes.173 However, the general adhesion of PPC is much lower than for PC,
which often results in unsuccessful stacking steps. For the PPC-based technique, temperatures
between 40 ◦C and 110 ◦C are used during the stacking process. For the PC-based technique,
much higher temperatures up to 180 ◦C are necessary which only became available in a new
setup towards the end of this work.

van der Waals aligner
The assembly of vdW flakes is very delicate and requires high-precision control of their posi-
tioning. This is possible by the use of a so-called van der Waals aligner. In this work, two
different setups are used which were built in-house by Dr. Chithra H. Sharma. The main fea-
tures of such a van der Waals aligner are described below.

The aligner is shown in figure 3.7 and can be divided into three main sections which are the
sample stage (A), the stamp stage (B) and the optical microscope (C). Each of these sections
can be divided again into individual subsections. The chips with different vdW materials are
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placed on a sample heater plate (A1) and are kept in place by either vacuum or Kapton tape.
The chips on the sample heater plate can be rotated with a precision of 0.04 ◦ by a motorized
rotation stage (A2) below. A high precision in angle control is important for the fabrication of
twisted moiré structures such as TBG. Three micromanipulators (A3) enable position control in
X-, Y- and Z-direction. With the Z-control, the chips are brought into contact with the polymer
stamp, which is held in place by vacuum on a metallic arm (B2). To position the stamp correctly,
the metallic arm can be moved in X- and Y-direction by an additional manipulator (B1). The
stacking process is controlled via an optical microscope equipped with different objective lenses
(C1) ranging from 10× to 50× magnification. The microscope is also equipped with a camera
and the associated imaging software that allows to capture images, videos and to draw shapes on
screen (C2). The quality of the camera is important to identify even thin flakes such a monolayer
graphene during the stacking process. Taking images during the stacking process and marking
individual flakes is essential to ensure proper alignment of the flakes to each other and to the
electrical connections in the subsequent device fabrication.

Figure 3.7.: Overview of the home-built van der Waals aligner setup, that can be divided into
three sections. The sample stage (A) consists of the sample heater plate (A1),
a motorized rotation stage (A2) and three micromanipulators (A3), which enable
control in X-, Y- and Z-direction. The stamp stage (B) allows positioning in X-
and Y-direction (B1) of the stamp on a glass slide, that is attached by vacuum
to a metallic arm (B2). Visual control of the stacking process is provided by an
optical microscope (C) equipped with different objective lenses (C1) and a camera
connected to a monitor (C2).
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Cutting graphene
In the first experimental reports on TBG, device fabrication included a method referred to as
tear-and-stack technique that was used to align two graphene sheets with a controlled and small
twist angle.24, 85 By tearing a single graphene flake in half, two graphene pieces with the same
crystallographic orientation are obtained, which is the precursor for small twist angle alignment.
However, this method introduces a lot of strain to the graphene sheet due to the large tension
during the tearing process. The so-called cut-and-stack technique circumvents this by cutting
the graphene flake first, for example with an AFM cantilever.92 It is worth mentioning that
this technique was adopted from the group of Prof. Dmitri Efetov (LMU München) to our
fabrication process after our research visit to the Efetov lab. Optical images that illustrate the
technique are shown in figure 3.8.

Figure 3.8.: a) Cutting graphene flakes can be performed with an AFM tip attached to a polymer
stamp. The cantilever deflects the light when brought in contact with the graphene
wafer and appears bright. The graphene flake is cut along the dashed red line in one
continuous movement of the AFM tip. b) Optical image after cutting the flake in
a). Due to the mechanical rigidity of thicker flakes, as the one shown here, the flake
folds onto itself during the cutting. c) Cutting thin graphene flakes typically results
in a small cut. Elongated flakes can be cut multiple times to obtain more graphene
pieces with identical crystallographic orientation. All scale bars are 10 µm.

To cut graphene flakes with an AFM tip, a modified polymer stamp is used. Instead of the
PC-film, an AFM cantilever is positioned on the PDMS bubble and fixed with Scotch tape.
Subsequently, this AFM tip stamp can be attached to the stamp holder arm of our aligner setup.
A Si chip with exfoliated graphene is loaded and the AFM tip is positioned close to the de-
sired graphene flake as shown in figure 3.8 a). When the AFM tip is brought into contact with
the wafer, the optical reflectance of the cantilever changes and the tip starts to appear bright
instead of dark. The tip can then be moved across the graphene flake in one continuous move-
ment to perform the cut. Ideally, the graphene flake is cut in two pieces separated by a gap
of approximately 1 µm width without any folding. However, this only works for thin graphene
flakes up to ∼ 5 layers. Thicker flakes can also be cut, but typically fold onto themselves as
shown in figure 3.8 b), which is not acceptable for high-quality devices. Graphene flakes with
high aspect ratios can be cut several times as indicated in figure 3.8 c), which is necessary for
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twisted trilayer graphene.

Compared to graphene cutting techniques based on optical laser systems,93 the AFM tip
cutting technique has two advantages. First, the method is technically undemanding and cost-
effective because it only requires additional AFM cantilevers. Secondly, it can be implemented
with ease in the device stacking process, since it is conducted at the aligner setup, thereby avoid-
ing an extra sample transfer. Additionally, the AFM tip-based technique is very versatile and
allows to remove undesired thicker graphene or hBN flakes on the Si chip surface, i.e., to clean
the pick-up area.

Stacking process
After the exfoliation and identification of appropriate graphene and hBN flakes, the graphene
heterostructure can be assembled in a stacking process, using the previously prepared polymer
stamp. Images of each step of this stacking process are shown in figure 3.9. Prior to the first
pick-up of the top hBN flake, the sample stage is heated to 110 ◦C to remove moisture from
the wafer surface. While maintaining the temperature, the stamp is brought into contact with
the hBN wafer. As depicted in figure 3.9 b), the area of the polymer stamp in contact with
the Si surface is clearly visible. The hBN flake should be positioned off-center in a clean
area of the PC film. This allows a continuous and slow movement of the contact front across
the desired flakes, which is controlled by carefully adjusting the micromanipulator of the Z-
direction. After marking the flake in the software and maintaining contact for 30 s to 60 s, the
contact front is carefully pulled back to pick up the hBN. When the wafer is fully retracted, the
heater is turned off until the graphene wafer is loaded on the sample stage of the aligner. To
pick up the next flake, care should be taken in the rotational alignment of the wafer in regard
to the positioning of the previous flake. When the top hBN is aligned correctly to the desired
graphene flake, the stamp is again slowly brought into contact, as shown in figure 3.9 d). Note,
that the contact front will push out contaminants in between the flakes towards their edges. If
controlled correctly, bubbles of trapped contaminants can be reduced significantly.174 Due to
the strong adhesive forces between the hBN and the graphene flake, the graphene will be picked
up when the stamp is pulled back similarly to the first pick-up. This process is repeated for
the third pick-up of the bottom hBN [figure 3.9 f)] before the hBN-graphene-hBN stack will
be released on a target wafer. This target wafer [figure 3.9 g)] is equipped with prepatterned
alignment markers and bonding pads. For the release, a different aligner setup enables the use
of higher temperatures. The target wafer is treated with strong O2 plasma for a minimum of
5 min prior to the release to increase the adhesion of the released stack to the Si. After loading
the target wafer to this aligner, the temperature is set to 140 ◦C. At this temperature, the wafer
is brought into contact with the stamp and the previously assembled stack. The temperature is
raised to 160 ◦C to melt the PC film. When the wafer is now slowly separated from the polymer
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stamp, the PC film delaminates from the PDMS bubble while sticking to the target substrate.
If this is successful, the temperature is subsequently increased to 180 ◦C to melt the PC even
further, while continuously separating the substrate from the stamp and releasing the stack on
the substrate.

Figure 3.9.: Optical images representing the steps of the stacking process for a hBN-graphene-
hBN heterostructure. a) Optical image of the top hBN flake. b) The polymer stamp
is in contact with the wafer surface and the circular contact front is moved across
the hBN flake. c) Target graphene flake. d) After aligning the top hBN flake to the
graphene, it is carefully brought into contact. e) Bottom hBN flake. f) The pick-up
process is repeated for the bottom hBN, thereby fully encapsulating the graphene.
g) The stack is brought into contact with the target wafer for the release. h) The
stack is released after melting the PC film from the stamp. i) Optical image of the
finalized stack on the target substrate. All scale bars are 50 µm.
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After the release, the fabricated stack and the melted PC film remain on the target substrate as
shown in figure 3.9 h). For increased adhesion, a minimum period of 24 hours is kept in between
the release and the subsequent removal of the PC film. The PC is removed by immersing the
sample in chloroform, followed by rinsing in isopropanol and nitrogen blow dry. Finally, the
sample is annealed at 180 ◦C for four hours in the RTA to reduce contaminants between the
flakes and to further increase adhesion of the stack.

3.1.3. Lithographic Processing and Contact Engineering

In addition to the assembly of van der Waals materials on the target substrate, lithographic
processes are employed to fabricate the final electronic devices. The lithographic fabrication
is mainly composed of four different techniques: photolithography, electron beam lithography
(EBL), reactive ion etching (RIE) and metal evaporation by physical vapor deposition (PVD).

Photolithography
Lithographic processes in micro- and nanofabrication use a temporary sacrificial layer, which
is referred to as resist, that can be patterned in a controlled way. The pattern of the resist layer
is transferred to another material layer, either by etching (RIE) or deposition (PVD), before the
resist is removed.

In photolithography, the resist is sensitive to UV light, which is provided in this process by
a mask aligner equipped with a mercury lamp source. All resists can be divided into positive
resists (exposed areas will be removed in the development process) and negative resists (exposed
areas stay after development). For our fabrication processes, mostly a double layer of positive
photoresist consisting of LOR-5A (Microresist, spin coated at 6000 rpm for 1 min) and S1813
(Microresist, 4000 rpm, 1 min) is used to create an undercut. After each spin coating step, the
samples are baked at 160 ◦C (LOR-5A) and 115 ◦C (S1813). The samples are loaded to the
mask aligner (MJB3 or MJB4, Süss MicroTec) and aligned to the desired design on the photo
mask. After UV exposure for 10 s, the samples are developed in MF-319 (Microresist) for 45 s
and stopped in DI water. Subsequently, the samples can be treated with the next process such as
metal deposition. The photoresists can be removed in PG remover (Microresist), followed by
acetone and isopropanol cleaning.

Numerous photo masks with different patterns have been designed and fabricated during this
work. The 4 inch mask blanks (g-materials) consist of borosilicate glass and are fully coated
with a layer of chromium and AZ 1500 positive photoresist. In some cases, this resist is replaced
with S1813 for compatibility reasons with other process chemicals. The design pattern is written
with a laser writer (Heidelberg DWL 66+) and developed. Afterwards, the mask is immersed
in a bath of chrome etch (Microresist) for 1 min to transfer the design pattern into the Cr-layer,
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before stopping in DI water for 1 min. The mask is finished after resist removal. Possible resist
residues can be removed either in O2 plasma or a Piranha solution wet etch.

Depending on the available equipment, either photolithography or electron beam lithography
is used to write the mask design. The main differences are the process resist and the extended
exposure time during EBL.

Electron beam lithography (EBL)
In EBL, the resist is sensitive to the dose deposited by a focused electron beam. The resolution
achieved by EBL can be below 10 nm and is therefore much smaller than the resolution limit of
photolithography. In contrast to photolithography, EBL is a maskless technique, which allows
to draw custom designs and pattern. However, this leads to long writing and exposure times for
large areas. For our EBL process, a combination of two positive PMMA resists with different
molecular weights (600 K, AR-P 662.04, Allresist and 950 K, AR-P 672.045, Allresist) is used
to create an undercut after development, which improves lift-off results. The PMMA resist lay-
ers are spin coated at 4000 rpm for 1 min and subsequently baked at 150 ◦C for 3 min. Note that
all lithographic processes should be performed within 24 hours after spin coating the PMMA
resist to ensure easy and reproducible resist removal. The spin coated samples are transferred
into the EBL Voyager system (Raith) and exposed with a previously calibrated dose. Larger
structures need a lower dose while small nanoscale structures require a larger dose. For our
purposes, doses ranging between 290 µC/cm2 to 350 µC/cm2 lead to good results, after develop-
ment for 60 s in AR 600-55 (Allresist) and stopping in isopropanol. After treating the samples
with the intended process, the PMMA resist is removed in AR 300-76, followed by acetone and
isopropanol cleaning.

Reactive ion etching (RIE)
In order to pattern materials, RIE is employed, which utilizes plasma etching with physical and
chemical etching contributions. The samples are loaded into the vacuum chamber of the RIE
instrument (Sentech SI 500), which is subsequently flooded with reactive gases. Upon plasma
ignition, the etching process starts as the process gas is ionized and reacts with the material
to be etched. The RIE uses a radiofrequency (RF) plasma and an inductively-coupled plasma
(ICP), whose plasma power can be adjusted to achieve the desired etching behavior. The etch-
ing rate of a material is a combination of many different parameters and requires careful tuning.
The most important parameters are the process gases and their ratios, chamber pressure, plasma
power and temperature. For our device fabrication mainly three different etching processes are
used. One etching recipe is based on O2 plasma that is typically used for 30 s to remove organic
contaminants and excess graphene. The parameters for the RIE process are 2 Pa, 50 ◦C, 20 W
RF power, 300 W ICP power and 20 sccm of O2. Another etching recipe uses a combination
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of O2/CHF3 in a 1:10 ratio to etch exfoliated hBN-graphene heterostructures. The process is
conducted at 3 Pa, 0 ◦C, 60 W RF power, 4 sccm O2 and 40 sccm CHF3, resulting in an etching
rate of ∼ 30 nm/min. The resulting etch profile was verified by AFM measurements and is
in agreement with previous reports,66 as shown in the appendix A.1. To pattern Nb, NbN and
NbTiN thin films, a third RIE process is conducted for 5 min to 7 min with 3 Pa, 23 ◦C, 40 W RF
power, 120 W ICP power and 20 sccm SF6 gas. More details on the use of these RIE processes
are discussed in the individual device fabrication below.

Physical vapor deposition (PVD)
For the fabrication of devices in this work, metals are used either as electrical contact material,
gate or as a conductor in microwave circuits. Generally, the term physical vapor deposition can
be divided into different types which are thermal evaporation, electron beam evaporation and
sputtering. The feasibility of each PVD subtype depends on the melting point of the metal to
be deposited. For most metals electron beam evaporation is used. In section 3.3, the sputtering
of superconducting niobium and niobium nitride thin films is discussed in detail. Compared to
the sputtering setup, the PVD deposition chamber for thermal and e-beam evaporation (Balzers,
PST) reaches lower vacuum pressures during evaporation of ∼ 10−7 mbar and allows lower
deposition rates (typically 1 - 3 Å/s). During this work, the available materials mounted in the
PVD chamber are Cr, Au, Cu, Ti, Al, and Ni.

Electrical contact engineering
Forming high-quality metallic electrical contacts to the 2D electron system is paramount to
enable quantum transport measurements in vdW materials. Due to its semimetallic nature, con-
tacting graphene is significantly easier compared to semiconducting materials such as MoS2,
where device contacts often suffer from Schottky barriers. However, even for graphene, contact
performance can be degraded by defects and impurities from the fabrication process leading to
non-functional contacts at cryogenic temperatures. Hence, contact engineering is important to
increase the overall contact yield in fabrication and to optimize the contact transparency. Look-
ing for means to maximize these two factors, three electrical contact architectures are presented
and evaluated below.

Top contacts
For large-area graphene, metallic contacts are typically fabricated by depositing the metal on
top, followed by lift-off. This approach can also be used for exfoliated graphene samples that
are not encapsulated, leaving the graphene exposed for the metal deposition.

After the transfer of CVD or MBE graphene to the target substrate, a large-area of the sub-
strate is covered by graphene as shown in figure 3.10 a). To define a Hall bar geometry, the
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excess graphene has to be removed in an EBL step to avoid electrical shorts between the con-
tacts. The samples are spin coated with a double layer of PMMA 950 K resist, exposed with
290 µC/cm2 and developed as described above. Strong O2 plasma in the RIE is used for 30 s
to remove the excess graphene, before removing the PMMA resist. As a result, multiple sep-
arate graphene Hall bars are obtained, as shown in figure 3.10 b), which can be electrically
contacted by an additional EBL step. A double layer of PMMA 600 K and 950 K resist is used,
exposed again with 290 µC/cm2 and developed. Metallic contacts are formed by depositing
7 nm chromium as adhesion promoter and 70 nm gold by electron beam evaporation. This is
followed by lift-off in AR 300-76, acetone and finally isopropanol to remove the excess metal.
In some cases, short and mild ultrasonic treatment is used to facilitate the lift-off. The finalized
device is shown in figure 3.10 c).

Figure 3.10.: a) Optical image of a large-area MBE-grown graphene sheet after its transfer on
the target substrate, covering many of the prepatterned gold electrodes. b) After
the first EBL step, excess graphene is removed and the individual graphene Hall
bars are separated from the remaining graphene. c) After the second EBL step and
lift-off, the final device is obtained with Hall bars that are electrically connected
by Cr/Au electrodes.

A schematic of metallic top contacts is depicted in figure 3.11 a). Such top contacts are used
mostly for large-area graphene as shown in figure 3.11 b), but can also be employed to electri-
cally probe exfoliated graphene devices on Si [figure 3.11 c)] or hBN [figure 3.11 d)]. Since the
electrical properties of exfoliated graphene are preserved much better by hBN-encapsulation,
top contacts are rarely used.

Electrical contacts to graphene fabricated from the top suffer from several drawbacks. The
direct evaporation of metal on the graphene surface can lead to defects resulting from the bom-
bardment with high-energy metal species. Moreover, residues from the lithographic processes
can remain on the graphene surface and act as a barrier layer in between the graphene and the
metal. Furthermore, it has been shown that top contacts to graphene generally exhibit a larger
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contact resistance compared to other contact geometries.66, 175 As a result, non-functional top
contacts are found repeatedly and on a regular basis.

Figure 3.11.: a) Schematic of metallic gold electrodes on top of the graphene sheet. b) Optical
image of a large CVD graphene Hall bar with Cr/Au top contacts. c) Optical image
of an exfoliated few-layer graphene sample on Si with metallic contacts from the
top. d) Graphene heterostructure, involving a graphite backgate separated by a
bottom hBN layer and gold top contacts.

Graphite contacts
Graphite flakes can be used as an alternative approach to circumvent the issue of non-functional
metallic top contacts. This approach is inspired by the works of Zhou et al. and Seiler et al.,
which demonstrated high-quality transport measurements by using graphene devices equipped
with graphite contacts.96, 98 A schematic representation of the graphite contacting approach
is displayed in figure 3.12 a). The hBN-encapsulated graphene sample is connected to two
graphite flakes, which protrude beneath the top hBN. These graphite layers can subsequently be
contacted by large Cr/Au contacts.

However, this approach requires more steps during the stacking procedure, which increases
the difficulty and risk of an unsuccessful assembly. If the stacking is successful, a complex het-
erostructure is obtained, as shown in figure 3.12 b). The metal Cr/Au electrodes to the graphite
that were fabricated in an additional EBL step are indicated by the yellow dashed lines. The
major drawback of this approach is the reduced number of contacts due to the extra pick-up step
for each contact. Therefore, this approach is mostly intended for the GTeraFET project, where

61



3.1.3 Lithographic Processing and Contact Engineering

only two contacts to the graphene are required.

Figure 3.12.: a) Schematic of the approach using graphite flakes as contact material. The two
graphite flakes contacting the graphene sheet and protruding the stack can be con-
tacted by metal electrodes. b) Optical image of a finished stack equipped with two
graphite contacts, indicated by the green marking. The graphene flake (dark or-
ange) is encapsulated by the top (smaller, brown) and bottom (larger, green) hBN
flakes. The metallic electrodes connecting the graphite contacts are indicated by
the yellow dashed lines.

Edge contacts
The encapsulation of graphene with hBN protects the graphene from environmental conditions.
However, this also means that the hBN has to be removed locally to electrically contact the
buried graphene sheet. Based on the initial work by Wang et al.,66 most of today’s research on
graphene devices utilizes edge contacts, as shown schematically in figure 3.13 a). In this ap-
proach, the hBN-encapsulated graphene is contacted along its edge, where additional σ bonding
orbitals are exposed.66, 175, 176 Hence, the resulting graphene heterostructures show higher elec-
tronic performance.66 Since the metal only contacts the edge instead of an area from the top,
this contacting approach is also referred to as 1D contacts to a 2D material.66

In this work, this contacting approach was adopted to improve the contacts to graphene de-
vices. The contacts are fabricated by defining a pattern by EBL on top of the hBN-graphene
stack, followed by a RIE etching step in a O2/CHF3 plasma with a 1:10 ratio as described above.
The etching process removes the stack, resulting in an etch profile with an angle (∼ 45◦).66 Im-
mediately after the etching, the sample is transferred to the PVD chamber to minimize contam-
inants at the exposed graphene edges. After deposition of Cr/Au contacts (7 nm/70 nm), lift-off
is performed to remove the PMMA resist (600 K/950 K double layer) and the excess metal.
Since the same PMMA mask is used for the whole process, the method is also referred to as
etch-and-fill technique.

One of the first fabricated graphene devices with edge contacts was investigated by scanning
electron microscopy (SEM), which is illustrated in figure 3.13 b). The inset shows a magnified
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Figure 3.13.: a) Schematic of edge contacts to graphene devices. A CHF3-based plasma etch
process exposes the graphene edge. Metal deposition is carried out directly after-
wards to reduce surface contamination. b) Scanning electron microscope (SEM)
image of one of the first graphene devices with edge contacts. The inset shows a
magnified view of one contact. However, the etch profile is not easy to identify.
c) A rectangular shape is carved out of the hBN-graphene-hBN stack in a first
etching step using the same etch process. In the second step, the edge contacts are
formed using the etch-and-fill technique. d) More advanced devices are patterned
into a Hall bar shape with arms first, before the final contacts are fabricated.

view of one contact, however, the etch profile is difficult to identify. Therefore, the etch pro-
file was verified by AFM measurements, as shown in the appendix A.1. To obtain a defined
graphene structure, hBN-graphene-hBN stacks can be first patterned in a rectangular shape by
the same etching process before the contacts are fabricated. An exemplary sample is depicted
in figure 3.13 c). Since the Si surface is also slightly etched, the surrounding Si surface appears
is a different color. More advanced devices are patterned into Hall bar shapes with small arms,
to optimize the contact configuration, as shown in figure 3.13 d). The edge contact method
generally results in a significant increase in contact transparency and contact yield.

Electrostatic gating

In order to tune the charge carrier density in graphene, electrostatic gates are employed. In this
work, mostly backgates are used, consisting of a highly p-doped Si substrate. However, some
devices are equipped with a local graphite or gold backgate. For transport measurements, a
combination of a global p-Si and a local graphite backgate is ideal. In this case, the global p-Si
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backgate can be used to tune the small contact arms to high transparency/low resistance, while
the local graphite gate allows control of the carrier density in the graphene layer.

Devices equipped with high-frequency circuits are fabricated on insulating substrates to avoid
dielectric losses. In these cases and for graphene terahertz field-effect-transistors (GTeraFETs),
the fabrication of top gates is necessary. To enable plasmonic excitations in the GTeraFETs,
metallic gold topgates are mostly fabricated in this work. Two example devices are compared
in figure 3.14 a) and b).

Figure 3.14.: a) Optical image of an asymmetric dual-grating gate graphene terahertz field-
effect-transistor device of the first generation, consisting of CVD graphene on
hBN. The graphene is covered by a second large hBN flake before the metallic
topgates can be fabricated by EBL and PVD. A few gate fingers have detached
due to the thick top hBN. b) Optical image of GTeraFET device made from hBN-
encapsulated exfoliated graphene. The asymmetric gold topgates have a rounded
design to optimize the lift-off results after EBL and PVD.

The first generation GTeraFET device in figure 3.14 a) consists of large-area CVD graphene
on hBN with source and drain top contacts. After the contact fabrication by EBL (PMMA
600 K/950 K) and PVD, the top hBN is placed on the graphene before the metallic topgates
can be fabricated in a second EBL and PVD run. Due to the large size and thickness of the
hBN layers, some of the fabricated topgate finger have detached. The device in figure 3.14 b)
belongs to the newest generation of asymmetric dual-grating gate GTeraFETs, consisting of a
high-quality hBN-encapsulated graphene heterostructure. After shaping the stack by EBL and
RIE, the source and drain edge contacts are fabricated by EBL and PVD. The asymmetric gold
topgates are then fabricated in a third EBL run (PMMA 600 K/950 K/950 K), followed by PVD
and lift-off. The gate design is rounded to optimize the lift-off performance. Note that the fab-
rication of these topgate structures is not possible, if metallic whiskers on the hBN exist from
previous fabrication runs.
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Lithographic issues: PMMA cracks and metallic whiskers
In the fabrication of edge contacts and other small structures by EBL on top of smooth hBN
flakes, recurring cracks in the PMMA resist appeared after development. These cracks lead to
metallic whiskers after metal deposition and lift-off. Optical images of multiple examples of
such cracks and whiskers are shown in figure 3.15 a) to c).

Figure 3.15.: Exemplary optical images of whiskers resulting from cracks in the PMMA resist,
indicated by red arrows. a) Gold whiskers on a graphite contacted graphene de-
vice. b) Cracks in the PMMA layer during the plasma etching-based patterning
step of a graphene stack. c) Gold whiskers on a graphene device with edge con-
tacts, preventing the fabrication of top gate structures. All scale bars are 20 µm.

Multiple approaches can help to prevent or at least minimize the occurrence of such cracks
in the PMMA layer. The cracks result from insufficient resist adhesion on the smooth hBN
surface combined with tensile film stress in the PMMA layer. They predominantly appear at
sharp corners, but even rounded designs do not fully prevent the cracks. However, by patterning
the graphene stack into a small island, the hBN area is minimized, which significantly reduces
the formation of PMMA cracks. Additionally, resist adhesion can be increased by letting the
PMMA resist rest on the wafer for ∼ 60 s before starting the spin coating. In this time, the
thin water layer that is present on the wafer surface at ambient conditions is replaced by the
resist. Another approach is the use of a trilayer PMMA resist (600 K/950 K/950 K) because the
950 K PMMA resist has higher mechanical stability. Furthermore, employing cold development
close to 0 ◦C also reduces the number of PMMA cracks and can even improve the lithography
resolution. For cold development, an increased dose of 750 µC/cm2 is used, while maintaining
a development time of 60 s.
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3.2. Microwave Circuits

The previous sections have highlighted the optimization and fabrication details regarding vdW
materials and electrical contacts. In this section, different approaches to optimize the high-
frequency circuit integration of vdW materials are presented in detail.

3.2.1. Metallic Waveguides Equipped with Large-Area Graphene

In an approach to optimize the coupling of high-frequency electromagnetic radiation to large-
area graphene, metallic waveguides have been utilized for the use in magnetic resonance spec-
troscopy. An overview of the fabrication process flow is given in figure 3.16 a), along with
optical images of a device at different stages of the fabrication [figure 3.16 b) to d)].

Here, dielectric substrates consisting of high-resistivity silicon (Siegert Wafer, prime grade,
> 3 kΩ resistivity, 500 nm wet oxide) or c-plane sapphire are coated with a 400 nm thick layer
of Cu by e-beam evaporation with a 10 nm thin Cr adhesion layer.

To achieve 50 Ω impedance matching of the CPW for silicon substrates (εeff ≈ 6.35), the
width of the center conductor is designed to be 50 µm with a spacing of 30 µm to the ground
planes. For sapphire substrates, the center conductor is 60 µm wide, with a 25 µm spacing. The
design parameters are evaluated using the circuit simulation software QucsStudio.

The coplanar waveguide (CPW) structures are defined via photolithography and a wet etch
approach. Here, only S1813 is used to minimize underetching of the resist. The wet etch is
based on an aqueous solution of Iron(III) nitrate (Fe3(NO3)3 · 9 H2O). A lower concentration
(1.5 g Iron(III) nitrate in 200 mL DI water, corresponding to 31 mmol/L) is used compared to
the large-area graphene Cu etching to achieve longer etching times that facilitate reproducible
and controlled etching behavior. The Cr/Cu films are typically etched for 3 min and stopped in
DI water for 1 min. The photoresist is removed in acetone, followed by isopropanol rinsing and
N2 blow dry.

In the next step, the metallic waveguides are conformally coated with an insulating layer
of approximately 20 nm Al2O3 by atomic layer deposition (ALD). The insulating Al2O3 is
supposed to electrically decouple the waveguide from the graphene layer to be placed on top.
This is necessary to avoid electrical shorts between the center conductor and the ground planes
of the waveguide. Additionally, this enables the fabrication of metallic contacts to the graphene
used for low-frequency lock-in detection of the electrical resistance. After the ALD-growth of
Al2O3, the waveguides are ready for the large-area graphene transfer described earlier. However,
the O2-plasma cleaning step is not performed prior to the graphene transfer to avoid damaging
the insulating oxide layer. Either CVD-grown 12C monolayer graphene or MBE-grown 13C
few-layer graphene are transferred onto the metallic waveguides.
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Figure 3.16.: a) Overview of the fabrication process flow. b) to d) Optical images of a device
during different stages of fabrication, as indicated by the arrows: b) after the wet
etch of the Cu film, c) after contact fabrication to the transferred CVD graphene
sheet and d) after patterning the graphene with O2 plasma. e) Coplanar waveguide
of the first generation of devices, which maximizes the area between the CPW and
the graphene (indicated by the dashed area). All scale bars are 1 mm.
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After the PMMA removal and the RTA annealing step, metallic contacts are fabricated by
optical lithography. A double layer resist consisting of LOR-5A and S1813 is used to facil-
itate lift-off. After exposure and development, metallic contacts with 8 nm Cr and 70 nm Au
are evaporated, followed by lift-off in PG remover, acetone and finally isopropanol. Electrical
contact fabrication is performed before patterning the large-area graphene layer to reduce pho-
toresist residues at the graphene-metal interface resulting from the additional lithography step.
Although this improves the contact quality, some contacts suffer from bad adhesion to the chip
due to the underlying graphene layer and are also removed during lift-off. In the last step, the
double layer resist with LOR-5A and S1813 is used to pattern the large-area graphene into a
rectangle to avoid electrical shorts between the contact pads. The excess graphene is removed
in O2 plasma at 300 W for 3 min. The metallic waveguides equipped with large-area graphene
are finished after resist removal in PG remover, acetone and isopropanol, followed by N2 blow
dry. An optical image of a finished device is shown in figure 3.16 d).

The fabrication of these metallic waveguides equipped with large-area graphene is challeng-
ing. The major challenge is to avoid electrical shorts between the CPW circuit and the graphene
circuit. Although they are electrically isolated by the ALD-grown oxide, this layer could only
be made 20 nm thick. A significantly higher yield of functional devices is expected for thicker
oxide barriers, such as 200 nm thick silicon oxide, which can be achieved by plasma-enhanced
CVD. Unfortunately, during the time of this work, the instrument was out of order.

The first generation of these devices was based on a different CPW design, which maximized
the waveguide area below the graphene as shown in figure 3.16 e). This design of broadband
CPW transmission lines is based on previous reports on CPWs optimized for magnetic reso-
nance spectroscopy.158 While this design is advantageous for transmission-based readout, the
fabrication of additional electrical contacts to the graphene, enabling simultaneous resistive
readout, often results in electrical shorts with the CPW ground planes. To address this issue,
the next generation of the device incorporates space in the ground plane to accommodate the
electrical contacts. Furthermore, the final devices [figure 3.16 d)] feature an additional CPW
structure in the center, which allows to apply two different frequencies simultaneously. This
capability is particularly valuable for 13C graphene-based devices, where electron spins and
nuclear spins can be addressed.

3.2.2. Metallic Waveguides Coupled to Exfoliated Graphene
Heterostructures

In order to probe high-quality exfoliated graphene devices with high-frequency radiation, metal-
lic waveguides are integrated on chip. The design considerations and fabrication details are
described in the following.
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Similar to the metallic waveguides for large-area graphene, dielectric substrates are used,
consisting of high-resistivity silicon (Siegert Wafer, prime grade, > 3 kΩ resistivity, 500 nm wet
oxide), that are equipped with prepatterned markers and bonding pads for electrical connections
and high-frequency lines. However, for the first generation of devices, sometimes n-doped
silicon wafers with native oxide are used to conduct initial tests and safe material cost. After a
hBN-encapsulated graphene heterostructure is released on such a substrate, metallic electrical
contacts and high-frequency waveguides are fabricated by EBL, PVD of Cr/Au (7 nm/70 nm)
and lift-off.

Figure 3.17.: a) First generation exfoliated graphene device equipped with coplanar stripline on
chip. b) Magnified view of the marked area containing the graphene Hall bar in
a). The signal transmitting line is in close proximity of the graphene flake. c) By
fabricating the waveguide on top of the Hall bar, it can also act as a gate. d) More
advanced devices are fabricated in a Hall bar shape with small contact arms and a
U -shaped waveguide on top.

Different approaches were tested to couple the waveguide to graphene. For these devices
intended for magnetic resonance spectroscopy experiments, mainly a capacitive coupling ap-
proach is employed, based on previous experiments conducting microwave transmission line
spectroscopy of 2D electron systems in conventional semiconductors.177, 178 The first genera-
tion of devices are equipped with a coplanar stripline in close proximity to the graphene Hall
bar, as depicted in figure 3.17 a) and b). The side of the coplanar stripline, which faces the Hall
bar is coupled to the signal line, while the other side is connected to ground. This design leads to
lower losses compared to a regular stripline.150 Additional losses are reduced by increasing the
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3.2.3 Metallic Coplanar Waveguide Resonators

general width of the conducting lines. For all fabricated waveguides, geometric parameters of
signal and ground lines are optimized for impedance matching. The first samples faced several
drawbacks. The major problem was the inability to tune the charge carrier density, since neither
a graphite nor a p-Si backgate were available. To solve this issue and to increase the coupling,
the next generation of devices were designed with the signal line on top of the graphene Hall bar
[see figure 3.17 c)]. Here, the waveguide acts both as a transmission line and as a gate. In the
latest version, the graphene heterostructure is patterned into a Hall bar shape with small contact
arms to optimize the contact behavior. The waveguide on top is then patterned into a U -shape,
as shown in figure 3.17 d), in order to study also the transmitted signal through the waveguide.
To minimize losses, the additional ground lines run alongside the signal line, extending up to
the vicinity of the Hall bar.

For future experiments, it could be interesting to explore the possibility of resistively-coupled
waveguides. In a recent study, monolayer graphene is placed as a shunt resistor of the signal
line to ground, thereby modulating the transmission of the waveguide via its resistance.179

3.2.3. Metallic Coplanar Waveguide Resonators

In order to understand the behavior of the high-frequency setup and to evaluate various design
parameters, such as coupling strength, metallic coplanar waveguide resonators are fabricated.
While these resonators are primarily designed for simple measurements at room temperature,
they are also suited for cryogenic measurements. To reduce resistive losses, metals such as
copper or gold are used, which have a high room temperature conductivity. Different metallic
microwave resonators are fabricated with resonance frequencies between 1 GHz and 10 GHz.
To minimize dielectric losses, substrates consisting of high-resistivity silicon (Siegert Wafer,
prime grade, > 3 kΩ resistivity, 500 nm wet oxide) or sapphire (c-plane) are used. However, for
the first generation of devices, sometimes n-doped silicon wafers with native oxide are used to
conduct initial tests and reduce material cost.

For practical reasons, simple microstrip resonators are fabricated by EBL using a double
layer PMMA resist (600 K and 950 K), followed by PVD of Cr/Au (7 nm/120 nm) and lift-
off. An optical image of a fabricated half-wavelength resonator with a resonance frequency of
∼ 8 GHz is shown exemplary in figure 3.18 a). These microstrip resonators typically have a
high fabrication yield and can be reliably fabricated using the lift-off technique. However, the
long exposure times for these large structures in EBL are unsuitable to fabricate a larger number
of devices. This issue could be solved at a later stage of this work when a new photomask was
fabricated.

The fabrication of metallic coplanar waveguide resonators required significant process op-
timization. Initial attempts to fabricate CPWs by lift-off failed due to the long and thin lines
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Figure 3.18.: a) Metallic (Cr/Au) microstrip λ/2 resonator fabricated by EBL and lift-off. b)
Metallic (Cr/Cu) λ/4 resonator fabricated by photolithography and wet etching
of the CPW structure. An impurity from the fabrication process (marked by the
red arrow) shortens the signal line to ground. c) Two bonding pads are coupled
to this λ/2 resonator on sapphire by 32 interdigitated finger pairs for increased
coupling. d) This λ/4 resonator is designed for a resonance frequency of 5 GHz
and is coupled to a short feedline.

separating the center conductor from the ground planes. The high aspect ratio of these struc-
tures leads to poor lift-off results and thus a low fabrication success rate. Consequently, the
predeposited Cr/Cu thin films were patterned by etching. Different Cu thin film thicknesses are
used, ranging from 100 nm to 500 nm. However, for most samples, a 400 nm thick layer of Cu
is deposited by PVD together with a 10 nm thin Cr adhesion layer.

In order to pattern the metal film, the samples are prepared for etching by using optical lithog-
raphy with a single layer of S1813 resist. In a first approach, using the RIE, a dry etching recipe
with Ar-plasma is employed. For Cu, no chemically reactive process gases are available which
transfer the resulting etching products into the gas phase. The Ar-plasma-based process there-
fore only physically etches the metal films, which is not very effective and leads to a significant
amount of resputtered metal species on the sample and its surroundings. This contaminates the
RIE process chamber with metal species and additionally alters the resist properties, which is
significantly harder to remove afterwards.

Hence, a wet etching approach is utilized, which was introduced earlier in the fabrication of
coplanar waveguides for large-area graphene. This approach chemically etches chromium and
copper and solves both problems which are associated with the dry etching approach. As men-
tioned earlier, the wet etch is based on an aqueous solution of Iron(III) nitrate (Fe3(NO3)3 · 9 H2O)
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with a low concentration (1.5 g Iron(III) nitrate in 200 mL DI water, corresponding to 31 mmol/L)
to gain more control of the etching behavior. The Cr/Cu films are typically etched for 3 min and
stopped in DI water for 1 min. The photoresist is subsequently removed in acetone, followed
by isopropanol rinsing and N2 blow dry.

Several challenges are encountered during the fabrication of these samples since the access
to the clean room was restricted. Therefore, all lithographic processes were conducted in a
regular lab atmosphere under yellow light, but without laminar flow, air filtering and controlled
humidity. This leads to a significantly higher dust particle accumulation at the sample surface.
In some cases, such impurities during the lithographic process result in electrical shorts between
the signal line and the ground plane, rendering the device unusable, as shown exemplary for a
λ/4 resonator in figure 3.18 b).

The directionality of wet etching is inherently isotropic, leading to a significant underetch
of the resist that affects fine structures. After compensating the underetch in a newly designed
photo mask, CPWs with optimized geometries can be fabricated as illustrated in figure 3.18 c)
and d). The CPW in figure 3.18 c) is a λ/2 resonator coupled via two finger capacitors, consist-
ing of 32 interdigitated finger pairs each with a width of 3 µm and 100 µm length, resulting in a
coupling capacity of 100 fF. For optimized impedance matching on the sapphire substrate, the
center conductor is designed to be 100 µm wide, with a spacing of 44 µm to the ground planes.
The 10.5 mm long resonator has an expected resonance frequency of 6.11 GHz. The λ/4 res-
onator in figure 3.18 d) is designed for a resonance frequency of 5 GHz and is coupled to a short
feedline.
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3.3. Superconducting Devices

3.3.1. Superconducting Microwave Resonators

Before a graphene Josephson junction can be embedded in a superconducting microwave res-
onator, it is necessary to study the behavior of unloaded resonators first. Hence, multiple super-
conducting resonators are fabricated with varying designs and materials. Again, high-resistivity
silicon substrates are used (Siegert Wafer, prime grade, > 3 kΩ resistivity, 500 nm wet oxide).

At the beginning of this work, a λ/2 resonator design is adopted from a previous study in our
group on superconducting CPWs. Prior to the lithography, the Si substrates are coated by Isabel
González Díaz-Palacio with a superconducting NbTiN thin film by plasma-enhanced atomic
layer deposition.180 These films typically have a thickness of only 25 nm, since the ALD-growth
of thicker layers is very time consuming. The NbTiN films are annealed at 1000 ◦C to improve
the thin film quality, resulting in a high critical temperature of 15.9 K.180 The superconducting
films are patterned into CPW structures by photolithography with S1813 resist and subsequent
dry etching. Based on the SF6 RIE process, the thin films are etched for 5 min to 7 min. In some
cases, the etching time is increased to obtain a deeper etching of the structures into the silicon
substrate. This deep etching approach was found to reduce intrinsic losses associated with two-
level systems at the Si-surface.181 An exemplary finished superconducting NbTiN resonator is
shown in figure 3.19 a).

Figure 3.19.: a) Optical image of a superconducting plasma-enhanced ALD-grown NbTiN λ/2
resonator. b) Magnified view of the coupling capacitor in a) with three finger pairs.
c) Different CPW resonator design with a finger capacitor with two finger pairs.
d) Simulation of the resonator’s transmission (S21) spectrum upon increasing the
number of finger pairs in the coupling capacitors.

For these NbTiN λ/2 resonators, different coupling strengths are tested by increasing the
amount of finger pairs at the coupling capacitors, as illustrated in figure 3.19 b) to d). A sim-
ulation with the circuit simulation software QucsStudio of the transmission (S21) spectrum of
the resonator illustrates the influence of the coupling capacity by adjusting the number of finger
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pairs. While a low coupling (less finger) generally leads to a higher QL-factor, the transmission
decreases.153 After testing several resonators, it became apparent that the λ/2 resonator design
with two coupling capacitors proves to be a challenging starting point. Due to the overall low
transmission through the CPW, real resonance peaks are difficult to identify in a background
spectrum with numerous box and parasitic modes.

Figure 3.20.: a) NbN λ/4 resonator with a designed resonance frequency f0 of 3.75 GHz and
a coupling section length lc of 1 mm. The open and short end of the resonator
are indicated by the white arrows. b) NbN λ/4 resonator with f0 = 2.5 GHz and
lc = 0.5 mm. c) NbN λ/4 resonator with f0 = 2.5 GHz and lc = 1.5 mm. d)
Fabricated Nb λ/4 resonator with a high quality factor design at f0 = 5 GHz. e)
Nb microstrip half-wave resonator coupled via a finger capacitor. f) Nb microstrip
half-wave resonator coupled via a 200 fF parallel plate capacitor. All scale bars
are 1 mm.

This problem is solved by using a feedline-coupled resonator design, which is the most com-
mon approach in modern CPW resonator studies.154, 156 The feedline leads to a generally high
transmission with a sharp minimum at the resonance frequency. In the work by Besedin et al.,
more details and a very useful tool to study the influence of design parameters on the quality
factor and first-order frequency corrections in feedline coupled CPW resonators are given.182

Multiple feedline coupled λ/4 resonators with different parameters are designed and fabricated
as illustrated in figure 3.20 a) to d). Here, instead of ALD-grown NbTiN, sputtered Nb or NbN
thin films are used as a superconducting material. More details on the sputtering process will
be given in the next section. The CPW structures are again obtained by photolithography and
subsequent RIE etching. Three different λ/4 resonators of the first generation are displayed in
figures 3.20 a) to c). The resonator in a) is designed for a resonance frequency f0 of 3.75 GHz
with a coupling section of 1 mm length. The two resonators in b) and c) share a designed res-
onance frequency of 2.5 GHz, but have different coupling strengths with 0.5 mm and 1.5 mm
coupling section length for b) and c), respectively. The design of these λ/4 resonators is not
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yet optimized for a high quality factor. A fabricated quarter-wave resonator with an advanced
design for a high QL at f0 = 5 GHz is depicted in figure 3.20 d).

Figure 3.21.: a) Optical image of prepatterned superconducting circuit for embedding graphene
Josephson junctions including a Nb microstrip half-wave resonator with finger
capacitor. b) Equivalent prepatterned circuit with different resonator design. All
scale bars are 1 mm.

Many resonators are not functional due to the delicate fabrication process and defects such
as shorted signal lines, as discussed earlier for metallic CPWs. Thus, for practical reasons and
to mitigate these issues, superconducting microstrip resonators are designed and fabricated in a
first step towards hybrid resonator coupled GJJs, which is one goal of this thesis. These super-
conducting microstrip resonators are less susceptible to manufacturing defects that affect their
functionality. Two different half-wave resonator designs are used for fabrication as shown in
figure 3.20 e) and f). Both designs are intended to study the behavior of these resonator in
the unloaded case, without GJJ. These microstrip resonators are fabricated by photolithogra-
phy with LOR-5A and S1813 resist, followed by Nb-sputtering and lift-off. Finally, modified
versions of these microstrip resonators are fabricated as part of a prepatterned superconducting
circuit for embedding GJJs, as shown in figure 3.21 a) and b).
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3.3.2. Superconducting Contacts

One goal of this thesis is the realization of graphene Josephson junctions, which require the
fabrication of highly transparent superconducting edge contacts to hBN-encapsulated graphene.
The available deposition techniques and materials, i.e., plasma-enhanced atomic layer deposi-
tion of NbTiN, sputtering of Nb and NbN, and electron beam evaporation of Al dictate the
fabrication methods and various approaches that are summarized below.

Niobium titanium nitride

Superconducting niobium titanium nitride (NbTiN) thin films are deposited via plasma-
enhanced ALD by Isabel González Díaz-Palacio and Dr. Robert Zierold, who are also mem-
bers of the Blick group. The NbTiN films have high critical temperatures up to 15.9 K and
critical magnetic fields higher than 7 T. For details on the deposition process and the annealing
treatment that improve the thin film quality, the interested reader is referred to a recent publica-
tion.180 Here, the compatibility of these thin films with various fabrication processes is assessed
to determine their suitability as superconducting contacts for graphene.

The primary drawback of these high-quality NbTiN thin films lies in their demanding depo-
sition conditions (high temperature and plasma), which are incompatible with available resists.
Additionally, in contrast to PVD, the conformal coating of ALD does not result in an under-
cut of the deposited material film. Thus, contact fabrication by lift-off is not possible, which
also rules out the fabrication of highly transparent edge contacts. As a consequence, alternative
contact architectures have to be developed. A simple structure is fabricated in order to assess
whether NbTiN can serve as an electrical contact by placing graphene on top of a prepatterned
contact structure. After performing photolithography to define two separate contact regions, a
deep and 280 µm wide trench is etched into a NbTiN thin film by the SF6-based RIE dry etching
process. The two resulting NbTiN planes are connected by a large sheet of CVD graphene,
which is transferred on top by the wet transfer method. The resulting sample, shown in fig-
ure 3.22 a), demonstrates sufficiently low electrical resistance of ∼ 4 kΩ through the graphene
across the trench.

Following this successful test, a Josephson junction pattern with four individual junctions
of different lengths and large bonding pads is designed, which is illustrated in figure 3.22 b).
This design is intended for small exfoliated graphene flakes, which are transferred after pre-
patterning the superconducting NbTiN contacts. However, due to the small size of these nanos-
tructures, EBL is necessary which is based on a PMMA resist. Unfortunately, the PMMA resist
does not withstand the prolonged dry etching process required to pattern the NbTiN thin film.
Another problem is that the dry etched regions of the Si from figure 3.22 a) are extremely rough,
which renders them unsuitable as a graphene substrate.
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Figure 3.22.: a) Optical image of two NbTiN planes separated by a trench which is etched into
the Si substrate with a dry etching process. The two superconducting NbTiN
regions are electrically connected by a large-area CVD graphene sheet placed on
top. b) Design of multiple Josephson junctions with different lengths and large
bonding pads. NbTiN films are prepatterned into this shape before transferring
a small exfoliated graphene flake on top of the superconducting electrodes, as
indicate by the yellow box. c) NbTiN thin films can be patterned into square
electrodes with a wet etch approach. d) Schematic cross section along the blue
dashed line in c). Islands of superconducting NbTiN are separated by a smooth
and even Si surface. e) Schematic cross section along the red dashed line in f),
representing the local oxidation approach described in the text. The oxidation
renders the NbTiN insulating as indicated by the red shading, while keeping a
smooth and flat surface. Thick films are not oxidized entirely. f) The locally
oxidized NbTiN areas are optically well visible.

To mitigate this problem, a wet etching method is used instead. After photolithography
with S1813 to define four square contacts, the NbTiN films samples are etched in a mixture
of NH4OH/H2O2/H2O in a 1:2:5 ratio at T > 60 ◦C. For 25 nm thick NbTiN thin films, the wet
etching takes 90 s to remove any unprotected area. An optical image of the resulting squares
is depicted in figure 3.22 c). The associated cross section is illustrated schematically in figure
3.22 d). Separate islands of NbTiN are obtained with a slightly rounded edge profile. Most
importantly, the Si substrate remains smooth with small topographic height differences corre-
sponding to the NbTiN film thickness. Although these initial results are promising, the wet
etching of nanostructures proves to be impossible. One issue is the poor lateral resolution of the
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method. The primary issue, however, is the delamination of the PMMA resist during the wet
etching process, caused by insufficient adhesion of the resist. This issue can not be mitigated
by a hard bake of the resist or a short O2 plasma treatment of the NbTiN surface. Note that a
chromium hard mask is not a solution either, since the NbTiN is attacked by the chrome etchant
used for Cr removal.

During these experiments, it was observed that prolonged oxygen plasma treatments oxidize
NbTiN, rendering the material electrically insulating. Thus, the local oxidation presents an al-
ternative and novel approach to pattern the NbTiN films. For this, photolithography with S1813
resist is performed again to define four square contacts. Subsequently, the RIE process with
strong O2 plasma is utilized for 2 min to oxidize the unprotected NbTiN areas. The oxidized
areas in the NbTiN film are optically visible as depicted exemplary in figure 3.22 f).

The schematic cross section in figure 3.22 e) illustrates a major advantage of this method:
the method does not impact the surface morphology, which remains smooth and flat. Placing
graphene on top of NbTiN structures prepatterned by local oxidation could thus be a novel
and promising way to build devices. However, this method also has two drawbacks. First, the
oxidation depth into of the NbTiN thin film is limited. For the 25 nm thick films, a remaining
low conductivity is observed between the apparently separated NbTiN islands, which could be
explained by a thin NbTiN layer below the oxide, as shown schematically in figure 3.22 e).
However, this issue could be solved by using NbTiN films with a sufficiently small thickness,
enabling complete oxidation throughout the entire film depth. The second drawback is the
instability of most EBL resists such as PMMA when exposed to O2 plasma. A simple hard bake
of PMMA does not improve the resist stability enough to withstand even shorter O2 plasma
treatments of 60 s. Reducing the O2 plasma process time even further leads to insufficient
oxidation of the NbTiN films. Additional O2 atmospheric treatments or baking of the NbTiN
films after O2 plasma treatment to increases the oxygen diffusion deeper into the material do
not result in the required improvements.

In summary, nanostructuring NbTiN thin films to construct GJJs could not be realized due
to various process incompatibilities. The available EBL resists can not be used to pattern the
NbTiN thin films by lift-off due to the harsh deposition conditions. Moreover, the nanostruc-
turing of already deposited NbTiN thin films attacks EBL resists in a similarly aggressive way.
The most promising approach is to locally oxidize very thin NbTiN films which seems within
reach as long as a nanostructured mask survives a sufficiently long O2 plasma treatment. A fine
tuning of process parameters could lead to successful results, but was unfortunately not possible
within the time of this thesis.
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Niobium and Niobium nitride
Nb and NbN exhibit relatively high critical temperatures, critical currents, and critical magnetic
fields, making these superconductors particularly advantageous for experiments, as measure-
ments can be performed at liquid helium temperatures. In this work, niobium and niobium
nitride thin films are obtained by RF sputtering in a modified Torr International Compact Re-
search Coater System (CRC600), which is shown during operation in figure 3.23 a). For all
sputtering processes, small (0.5 cm2) pieces of a n-doped silicon wafer with native oxide are
ultrasonically cleaned in acetone and isopropanol, followed by a mild oxygen plasma treatment
to remove any organic contaminants. The plasma treatment was conducted a few days before
the deposition to prevent the introduction of reactive oxygen species into the deposition process.
The substrates are placed on a rotating metallic sample holder inside the sputtering chamber,
which is pumped below 5 × 10−5 Torr prior to the sputter deposition. However, pumping to
lower pressures 5 × 10−6 Torr reduces the amount of residual oxygen in the chamber. This is
beneficial to minimize run-to-run variations and improve the thin film quality.183 In the current
state, the vacuum system of the sputter setup reaches a minimum pressure of 1× 10−6 Torr. At
ambient temperature, films are deposited from a 2 inch pure Nb target (99.95 %) in an argon (Ar)
atmosphere provided by the flow control unit. For the deposition of NbN thin films by reactive
sputtering, a new Sensirion SFC5500-50sccm mass flow controller (MFC) is installed at the
sputter system, to control the nitrogen (N2) (99,999 %) gas flow. This MFC enables fine tuning
of the deposition atmosphere with different Ar/N2 ratios. After plasma ignition, the chamber
pressure and plasma power are brought to deposition conditions and stabilized for several min-
utes before the actual deposition. This period serves to clean the Nb target and condition the
chamber, which is important to reduce run-to-run variations.184, 185

Figure 3.23.: a) Overview of the CRC600 sputter system during Nb deposition. b) Deposition
chamber with rotation stage, shutter and sputter gun. c) Schematic representation
of the sputter chamber, including the newly installed N2 mass flow controller for
reactive NbN sputtering.

The deposition rate is regulated by setting power and argon flow and ranges from 30 nm/min
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to 70 nm/min. Lower deposition rates facilitate manual operation of the shutter to achieve the
desired thickness. For each deposition, a dedicated film thickness reference sample is prepared,
without the need for lithographic preprocessing. An area of the substrate is simply covered
with a marker pen, lifted off post-deposition to create a film edge. Deposition rates and film
thicknesses are determined by measuring multiple height profiles along this step between the
bare substrate and the film with a Bruker Dektak surface profilometer.

For the fabrication of superconducting Nb and NbN edge contacts to hBN-encapsulated
graphene, EBL lithography with a PMMA double layer resist (600 K/950 K) is used, followed
by RIE, sputtering and lift-off. The first generation of Nb and NbN GJJs are formed directly
at the released graphene stack, while later iterations pattern the graphene heterostructure into
a rectangle and into individual islands by RIE-etching. This development is represented by
exemplary optical images of finished devices in figure 3.24 a) to c).

Figure 3.24.: a) Optical image of the first generation of graphene based Nb JJs. The supercon-
ducting electrodes are formed without prepatterning the graphene heterostructure.
b) Optical image of a niobium GJJ-array, fabricated from a single graphene flake,
with different junction distances ranging from 400 nm to 750 nm. c) Optical im-
age of four different Nb GJJs on separate graphene-hBN islands.

Compared to the lift-off of PVD deposited metal contacts, the lift-off of sputtered Nb and
NbN contacts is more complicated and often requires ultrasonic treatment. The lift-off results
can be improved if the PMMA resist is hard baked after the development. However, the pres-
ence of PMMA-coated samples during the sputter deposition generally tends to deteriorate the
superconducting film quality due to contamination from outgassing. More details and the asso-
ciated data are discussed in chapter 4.3.2 and in our publication.49

In an alternative lithographic process that prevents the contamination by organic polymers
through the resist, an aluminum (Al) mask is used instead of a PMMA mask. First, the entire
sample is covered with approximately 800 nm of Al by PVD. The sample is then coated with
PMMA (950 K), and the desired structure is patterned by EBL. After the usual PMMA develop-
ment, the alkaline TMAH-based photoresist developer MF-319 is used for 5 min to remove the
Al in the unprotected areas and impose the pattern of the PMMA into the Al layer. The resulting

80



3.3.2 Superconducting Contacts

Figure 3.25.: a) Optical image of a finished Al-mask after removing the Al in the unprotected
areas and imposing the pattern of the PMMA into the Al layer. b) Optical im-
age of the same sample from a) after RF-sputtering of Nb and subsequent lift-off
in alkaline developer. c) SEM image of the same sample from a) and b). A
rough edge shape is observed. d) Optical image of sputtered Nb JJs patterned by
PMMA-based EBL. e) SEM image of the sample from d) with Nb JJs obtained by
conventional PMMA lift-off. f) SEM images to compare Nb contacts fabricated
by the Al-mask approach (left) and conventional PMMA-based EBL (right). The
edge shape roughness of the Nb structures one the left is twice as rough.

patterned Al-mask is shown in figure 3.25 a). After removing the PMMA, Nb and NbN sputter
deposition can proceed without any organic polymers on the sample. The finished supercon-
ducting Nb structures are obtained after lift-off in the same alkaline developer for 10 min, which
selectively etches the Al. An optical image and a SEM image of an exemplary sample with Nb
contacts are shown exemplary in figure 3.25 b) and c), respectively. These structures are com-
pared to structures obtained by conventional EBL with PMMA, shown in figure 3.25 d) and e).
A significant increase in edge shape roughness is visible. By directly comparing the SEM im-
ages shown in figure 3.25 f), it becomes clear that contacts fabricated by the Al-mask approach
(left) are twice as rough compared to the contacts fabricated by PMMA-based EBL (right).

Due to the novelty and the complex wet etching behavior resulting from natural oxide for-
mation on the Al surface, the Al-mask method requires further process optimization tailored
to the specific feature sizes and application to achieve high-precision lithography results. It is
worth mentioning that from these first preliminary Nb-structures obtained by the unoptimized
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Al-mask approach, a lateral resolution of < 350 nm can be deduced. This indicates that minor
optimization to the process could result in major improvements. More importantly, as discussed
later in chapter 4.3.2, the Al-mask approach is more compatible with the RF-sputtering of high-
quality Nb and NbN thin films. Hence, Al presents a promising alternative to polymer-based
masks to obtain RF-sputtered nanostructures.

Aluminum
Compared to the superconducting materials of the previous sections, aluminum has the lowest
critical temperature, critical magnetic field and critical current. However, its deposition is more
compatible with our nanostructuring processes and the deposition of Al could yield supercon-
ducting contacts with higher transparency. Here, Al is deposited by electron beam evaporation
which offers multiple advantages: the deposition of Al is carried out under high vacuum con-
ditions (∼ 5× 10−8 mbar) and a thin titanium (Ti) adhesion layer can be deposited beforehand
without breaking the vacuum. The PVD chamber also allows to cool the samples during depo-
sition to control the wetting process.

Figure 3.26.: a) Schematic drawing of the cold deposition setup of the PVD. A modified sample
holder equipped with a container filled with liquid nitrogen (LN2) is utilized to
cool down the samples during Al-deposition. b) Optical image of four individual
aluminum GJJs with different junction lengths, as small as 300 nm. c) Optical
image of three fabricated Al-graphene SQUID loops.

The samples are patterned by EBL (600 K/950 K PMMA resist), RIE etched and afterwards
immediately mounted with the sample holder in the PVD chamber which is pumped to
∼ 5 × 10−7 mbar. At this point, a shutter is engaged to protect the samples from the initial
deposition. In this way, a small amount of Ti (∼ 15 nm) can be evaporated to reduce the cham-
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ber pressure even further to ∼ 5 × 10−8 mbar, without coating the samples. Subsequently, the
shutter is removed and the actual deposition can proceed by evaporating a trilayer of Ti/Al/Ti
(8 nm/70 nm/10 nm) at deposition rates of 1 Å/s/2 Å/s/1 Å/s. The first Ti-layer is crucial for en-
hancing the quality of the edge contact to the graphene; however it is unfortunately not available
for our Nb contacts.186, 187 The second Ti-layer on top of Al protects the Al from oxidation at
ambient conditions. In some cases a significant amount of Al (∼ 200 nm) is deposited with the
samples protected by the shutter prior to the actual deposition, to clean the Al material source.
After the deposition, the samples are removed and lift-off is performed to obtain Al-GJJs.

During conventional electron beam evaporation, the sample is slightly heated by the incom-
ing highly energetic metal species. Cooling of the samples to liquid nitrogen temperatures can
be beneficial to control nucleation and wetting and improve the contact quality to vdW materi-
als.188, 189 In order to perform such a cold deposition, a modified sample holder is utilized, which
is equipped with a container on the outside that can be filled with liquid nitrogen. A schematic
representation of the cold deposition PVD setup is given in figure 3.26 a). After mounting the
samples and pumping the deposition chamber, the samples are cooled down to temperatures
< 100 K with three to four fillings of liquid nitrogen. The deposition of the Ti/Al/Ti metal tri-
layer can be conducted as described above, while refilling the liquid nitrogen two more times.
After the deposition, the liquid nitrogen container at the sample holder is replaced by a heater
that is set to 40 ◦C to accelerate the warm up of the samples. The samples can be removed from
the deposition chamber safely after waiting for 2 to 3 hours, to prevent freezing or condensation
on the sample surface. In the next step, lift-off is performed as usual.

These processes are reliable, reproducible and result in a high yield and small junction lengths
of 300 nm, as shown in figure 3.26 b). This inspires the design of more advanced devices such
as superconducting quantum interference devices (SQUIDs) consisting of two Al-GJJs. An
exemplary optical image of such a fabricated device is shown in figure 3.26 c).

Finally, the promising fabrication of Al-GJJs motivates the integration of GJJs into high-
frequency microwave circuits as depicted in figure 3.27 a). The optical image shows an Al-GJJ
embedded in a prepatterned microwave resonator, as described in section 3.3.1. Here, the Nb
resonator is connected to the graphene by aluminum edge contacts. If fully functional, such a
device would enable direct coupling of microwaves to hybrid superconductor-graphene junc-
tions. A different device is shown in figure 3.27 b), where multiple Al-GJJs with varying
junctions lengths are coupled to two IDTs, which are designed for a resonance frequency at
1.5 GHz. These IDTs are fabricated by EBL and PVD of Cr/Au (7 nm/70 nm) on the piezo-
electric material LiNbO3 and can be employed to launch SAWs to the GJJs. Such a device
enables strain dependent measurements in GJJs, which is predicted to modulate the supercur-
rent of the junction.111
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Figure 3.27.: a) Aluminum GJJ embedded in a Nb microstrip resonator. The inset shows a mag-
nified view of the junction that is connected to the resonator via edge contacts.
b) Al-GJJ-device with multiple junctions fabricated on the piezoelectric material
LiNbO3. Two interdigital transducers (IDTs) can be used to launch surface acous-
tic waves (SAWs) to the GJJs.
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3.4. Measurement Procedures and Setup

The fabricated samples are investigated using various measurement techniques across differ-
ent setups, tailored to the specific experimental conditions required. Most measurements are
conducted at or below liquid helium temperatures to cool superconducting devices below their
critical temperature. This section outlines the various standard measurement procedures and
describes the corresponding cryogenic setups in detail.

3.4.1. Measurement Procedures

Transport measurements
The main probing technique employed in this thesis to characterize graphene devices is electri-
cal transport. In a measurement method that is generally referred to as low frequency lock-in
technique, the sample is excited with a small AC current at frequencies below 200 Hz. As shown
schematically in figure 3.28, a large resistor R (1 MΩ to 100 MΩ) is placed in series with the
device to convert the AC voltage provided by the oscillator output of a lock-in to a small AC
current (≤ 5 nA). In a classical Hall bar geometry, the device response, e.g., in longitudinal volt-
age Vxx, is detected in a four-terminal configuration by the lock-in amplifier, which improves
the signal-to-noise ratio by phase-sensitive detection.

Figure 3.28.: Schematic representation of standard low frequency lock-in transport measure-
ments on a graphene Hall bar with a global p-Si backgate.

Simultaneously, transverse contacts can be used to record the Hall voltage Vxy when a per-
pendicular magnetic field is applied. In this work, Stanford Research SR830 lock-in amplifiers
are used for these transport measurements. The backgate voltage Vg is supplied by a Keithley
2400 Source Measure Unit, which is capable of detecting gate leakage that harms the sample.
The same approach is employed to apply topgate voltages.
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Current-biased measurements
Superconducting graphene Josephson junctions can also be characterized by standard low fre-
quency lock-in measurements. However, to study the different regimes of GJJs, a modification
is made to the previously described technique. A large DC current is added to the small AC
current I = IAC + IDC to exceed the critical current and tune the junction out of the zero resis-
tance state. A low noise voltage Stanford Research 560 preamplifier is utilized (without gain)
to couple AC and DC voltages supplied by the lock-in oscillator and a DC voltage source such
as a Yokogawa GS200. A series resistor R with a much larger impedance than the GJJ converts
VAC + VDC in IAC + IDC. The value of this resistance R is chosen based on the desired current
flow through the GJJ, e.g., VDC = 1 V with a 1 MΩ resistor corresponds to IDC = 1 µA. The
contacts to each side of the two-terminal GJJ are split in two and connected to different bond-
ing pads. In the superconducting state, the voltage drop across these superconducting leads is
negligible, enabling simultaneous four-terminal current-biasing and voltage VJJ detection. A
schematic drawing of the GJJ measurement circuit is presented in figure 3.29.

Figure 3.29.: Schematic representation of current-biased measurements of a graphene Joseph-
son junction with a global p-Si backgate.

The voltage VJJ measured across the junction, consists of an AC and a DC component, which
are measured simultaneously by routing connections at room temperature to two differential
voltage amplifiers with 1000× gain (Physics Basel SP1004), set to AC and DC coupling, re-
spectively. The DC voltage signal VDC is measured by a HP 34401A digital multimeter. The
AC component of VJJ is detected with a SR830 lock-in amplifier and can be converted to the
differential resistance RJJ = dV/dI = VAC/IAC.

Microwave measurements
In experiments where microwave radiation is applied to the sample, a frequency generator (e.g.
Anritsu MG3965c) at room temperature is connected via high-frequency coaxial cables to the
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(cryogenic) setup. In order to assess the microwave reflection and transmission response of
devices, scattering parameter (S-parameter) measurements are conducted with a vector network
analyzer (VNA). The definition of the four S-parameters S11, S12, S21 and S22 is given in figure
3.30 a). The VNA (Agilent N5222A) is equipped with two ports that alternately measure the
reflected and transmitted microwave signals in a given frequency range. The reflected (trans-
mitted) signal for port 1 is S11 (S21), respectively, and vice versa for port 2.

Figure 3.30.: a) Schematic representation of the four S-parameters. b) The point in the circuit
where the calibration pieces are connected is defined as the calibration plane and
should be close to the DUT. c) Image of a VNA connected to a cryogenic setup.

The accurate determination of the microwave response of a device under test (DUT) requires
calibration of the high-frequency circuit including all components such as the coaxial cables,
except the DUT. A so-called SOLT calibration is performed by connecting standard calibration
pieces corresponding to short (S), open (O), load (L) and finally through (T) of a calibration kit
(Agilent 85033E) to the microwave lines connected to the VNA. The open and short standard
pieces ideally lead to total reflection, while the 50 Ω load has total absorption. All components
of the microwave circuit can be de-embedded from the measurement up to the point where
these calibration pieces are connected. This point in the circuit is defined as the calibration
plane and should be as close as possible to the sample plane to minimize parasitic signals. The
schematic drawing in figure 3.30 b) illustrates the calibration plane. In some cases, however,
the calibration plane has to be placed further away from the actual device, such that the entire
cryogenic setup can be the DUT for example. After calibration, the VNA is connected to the
setup and measurements are performed, as shown in figure 3.30 c).
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Photocurrent detection
Measurements on ADGG GTeraFETs for THz-detection are performed by grounding both sides
of the device to enable a current flow. The photocurrent Iph can be detected by using the virtual
ground of a lock-in instead of a physical ground. In some measurements, a second lock-in is
used to measure the photocurrent on both ends of the device. Another lock-in can be utilized
to simultaneously measure the photovoltage across the device. No bias voltage is applied to
the device. The lock-in AC frequency is set to several hundred Hz to kHz and used to perform
amplitude modulation of the sub-THz-signal. This is generated by a millimeter wave source
module (OML Inc.) operated by a frequency generator (Keysight E8257D). Different source
modules with varying frequency ranges can be used. For most THz-detection measurements in
this thesis, a source module is employed with a frequency range from 110 GHz to 170 GHz.

Figure 3.31.: Schematic representation of sub-THz-detection measurements with a ADGG
GTeraFET. The two different topgates are connected either together or indepen-
dently, as indicated by the dashed lines.

The gate voltages to the backgate and to the two topgates is controlled by a Keithley 2400
Source Measure Unit. Depending on the experiment, the two different topgates are connected
either in parallel or independently, as depicted in figure 3.31.

3.4.2. Cryogenic Setups

The resolution limit of the physical phenomena is dictated by thermal noise, which amounts to
∼ 25 meV at room temperature. To investigate the electronic properties of graphene devices and
JJs, where the relevant energy scales are on the order of tens of meV, the samples are cooled to
cryogenic temperatures. The following section presents an overview of the cryogenic systems
used in this work.
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Liquid helium cryostats
Cryogenic systems are generally categorized in "wet" or "dry" fridges, depending on whether
their operation is based on liquid helium or not. During this work, different liquid helium
cryostats (Oxford Instruments) are used. These systems have different working principles and
operation temperatures. In the simplest form, the vacuum sample insert is immersed in a bath of
liquid helium (4He), cooling the device down to∼ 4.2 K. In another system, the vacuum sample
insert is placed in a pumped chamber, which is connected to the helium bath by a small needle
valve. This valve is adjusted to control the He vapor pressure in the chamber to cool the sample
down to ∼ 1.5 K.

Lower temperatures can be reached with the HelioxVL (Oxford Instruments). This system
has a 3He insert which enables base temperatures of < 300 mK for a duration of ∼ 24 h. The
operation of the system is based on pumping of liquid 3He in a single-shot mechanism. Since
3He liquefies only below 2.2 K, this low temperature has to be achieved first by cooling the
system to ∼ 1.5 K by pumping of 4He through a pick-up line from the surrounding liquid 4He
bath. This setup is also used for the measurements on the graphene-based Josephson junction
bolometer device, presented in chapter 4.3.1.

All of these liquid helium systems are equipped with superconducting magnet coils to create
strong magnetic fields of several Tesla perpendicular to the devices. In some setups, a three-
axis vector magnet allows for additional in-plane field directions. In addition to standard electric
DC lines (twisted pair loom), most inserts of the setups are equipped with one or more semi-
rigid coaxial line to route high-frequency signals to the sample space. In some experiments, the
coaxial line is terminated by a loop antenna for microwave excitation, positioned approximately
1 cm from the device.

Figure 3.32.: a) Schematic representation of a chip carrier with 24 bonding pads. b) Optical
image of a fully wirebonded Al-GJJ device chip inside the chip carrier.
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Figure 3.33.: a) Technical drawing of the printed circuit board (PCB) layout used in liquid he-
lium cryostats. b) Microscope image after bonding a chip of a metallic CPW
equipped with large-area graphene to the PCB. In addition to the standard DC
connections, high-frequency SMP connectors enable the efficient coupling of mi-
crowaves via coplanar transmission lines to the signal lines of the device.

For the wet systems, two different kinds of samples holders are used. Devices for pure DC
measurements are glued into 24-pin chip carriers with silver paint. A schematic drawing of the
chip carrier layout is shown in figure 3.32 a). Note that for all available cryogenic setups only a
maximum chip size of ∼ 5×5 cm2 is possible. An optical image of a fully wire bonded device
(Al wedge bonding) is depicted in figure 3.32 b). This chip carrier is mounted on a socket that
connects the 24 pins to the wiring of the cryogenic sample insert.

For devices with high-frequency components such as CPWs, a printed circuit board (PCB)
equipped with DC connections and coplanar transmission lines connected to high-frequency
SMP connectors is used. A technical drawing of the PCB layout is given in figure 3.33 a). The
chip is glued on the PCB with Fixogum before connecting the DC lines of the device, as well
as signal lines and ground of its high-frequency components, as shown in figure 3.33 b).

Dilution refrigerator

Even lower temperatures are achieved in the dilution refrigerator Triton (Oxford Instruments),
which has a base temperature of approximately 14 mK. The working principle of a dilution
refrigerator exploits the separation of the mixture in 4He and 3He phases at very low tempera-
tures. This arises because 3He (nuclear spin I = 1/2) follows fermionic statistics, while 4He
(nuclear spin I = 0) behaves as a boson and becomes a superfluid at low temperatures. Below
800 mK, the 3He/4He mixture separates in a 3He-rich phase and a mixed phase of 3He/4He. For
decreasing temperatures, the concentration of this mixture changes continuously until a stable
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equilibrium of ∼ 6 % is reached. By heating a still and pumping on this mixture, 3He is selec-
tively removed due to its higher vapor pressure and consequently 3He atoms from the 3He-rich
phase cross the phase boundary into the mixed phase. This evaporation of 3He atoms into the
mixed phase yields the cooling power of the mixing chamber.

Figure 3.34.: a) Schematic representation of PCB layout intended for combined DC and high-
frequency measurements at mK-temperatures in the Triton dilution refrigerator.
b) Microscope image of a wire bonded graphene Hall bar sample with metallic
waveguide on top. The two high-frequency SMP connectors of the PCB are visible
in the front of the image.

For standard DC transport and current-biased measurements, typically the standard chip car-
riers are used to mount the devices in the sample puck. This puck is inserted into the cryostat
via a bottom-loading mechanism and attached to the mixing chamber. The Triton dilution re-
frigerator is equipped with two coaxial lines without any additional filtering or attenuators. For
experiments where high-frequency radiation is applied on-chip, a different PCB with two SMP
high-frequency connectors is used for the sample puck. In this configuration, the two coaxial
lines are fed in the puck to the PCB SMP connectors via two short flexible coaxial cables, as
shown in figure 3.34 a). A schematic drawing of the PCB with its DC connections and SMP
connectors is shown in figure 3.34 b). A fully wire bonded device on such a PCB is shown in
figure 3.34 c).

Physical Properties Measurement Setup
Another dry cryogenic setup is the physical property measurement system (PPMS) DynaCool
(Quantum Design), which allows temperature dependent measurements from room temperature
to 2 K. Additionally, perpendicular magnetic fields up to 9 T can be applied, independent of
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the sample temperature. Hence, this system is ideally suited to characterize materials such as
the sputtered Nb and NbN thin films. A standard four-terminal measurement scheme is used
to determine the critical temperature and upper critical magnetic field of superconducting thin
films. The samples are contacted either by wire bonding or by the available press contacts for
this setup.

Stirling Setup
In order to conduct sub-THz-detection measurements at lower temperatures, a different cryo-
genic setup is utilized, which allows optical access to the device. The sample is mounted with
the standard chip carrier sockets on the cold finger of a table-top-sized Stirling cryocooler (Li-
han), with a variable temperature between 40 K and 300 K. The system operation is based on the
Stirling cycle with He gas and enables very fast cool down times < 1 h. The sample space hous-
ing is decorated with an optical polyethylene window (QMC Instruments) with almost 100 %
transmission from 600 MHz to 2.1 THz.
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The following sections present the experimental results and their analysis. In several sections,
the transition from large-area graphene towards exfoliated graphene devices will be illustrated.
First, nuclear-spin-induced effects in large-area and exfoliated 13C graphene will be discussed
in section 4.1, followed by an evaluation of the results from microwave spectroscopy performed
with hybrid circuits in section 4.2. The section 4.3 about superconducting graphene devices
includes data acquired from a graphene Josephson junction device of an external collaborator,
but primarily focuses on results obtained from superconducting graphene junctions fabricated
within our group. Lastly, preliminary results of sub-THz-detection measurements conducted
with graphene-based photodetectors are shown in the last section 4.4 to briefly illustrate the
significant progress in this side project. While this last section reflects our current interpretation
of the data, the experiments are still ongoing and a comprehensive analysis of the observed
photoresponse, which is beyond the scope of this work, is still required.

4.1. Nuclear-Spin-induced Effects in 13C Graphene

This section presents nuclear-spin-induced effects in large-area 13C graphene. Before discussing
more advanced devices in the following sections, here simple graphene Hall bar structures with
metallic top contacts (see section 3.1.3) are used. The graphene samples consist of CVD-grown
13C monolayer graphene (sample A) and MBE-grown 13C few-layer graphene (sample B and
sister sample). First, the influence of the nuclear spins on quantum interference effects is dis-
cussed for sample A, before evaluating the hyperfine interaction and possible nuclear spin ef-
fects in magnetic resonance spectroscopy experiments for 13C few-layer graphene. Some of
these results have been published in Strenzke et al. Phys. Rev. B 105, 144303 (2022).19

4.1.1. Quantum Interference

Magnetotransport measurements on sample A show a pronounced weak localization (WL) peak
in the longitudinal resistance at B = 0 T, which is used to probe the presence of nuclear spins.
The WL phenomenon is a quantum correction to the Drude resistance in the absence of a mag-
netic field. It arises from the constructive interference of two time-reversed electronic paths
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enclosing a loop in the clockwise and anticlockwise direction. If the phase is preserved over
both paths, the increased possibility of backscattering leads to constructive interference at the
point of origin.19 This quantum interference effect is illustrated in figure 4.1 a). By applying
an external magnetic field B, the time reversal symmetry is broken which cancels constructive
interference by introducing a phase difference between the two paths. Weak localization thus
diminishes monotonically with B, resulting in a resistance peak at B = 0 T, as shown exem-
plary in figure 4.1 b).19 For graphene, this behavior is well described by the theory of McCann
et al.190 who developed a mathematical description given by

∆ρ = ρ(B)− ρ(0) = − e2ρ2
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This model can be employed to fit the experimental resistance values, as shown in figure 4.1
b). The red solid line is a fit using equation 4.1 that yields the scattering times τφ,i,∗ for phase
coherence (φ), intervalley (i) and intravalley (*) scattering. Magnetotransport measurements
were conducted at different gate voltages and the resulting WL peaks are fitted to evaluate the
carrier density dependence of the scattering times.

The charge carrier density is carefully extracted from the transport measurements by consid-
ering imperfections in our large-area graphene samples. Near the CNP, the carrier density is
generally not zero at finite temperatures and potential fluctuations induce electron-hole puddles.
Hence, both electrons (n) and holes (p) contribute to transport which is not captured by a simple
one-carrier capacitive model. Thus, the two-carrier model by Hilke et al.191 is employed to de-
termine the total charge carrier density p+ n.19 A more detailed explanation of the two-carrier
model can be found in the original publication by Hilke et al.191 or in my Master’s thesis.145 Far
away from the CNP, the carrier density is determined from the Hall resistivity. The corrected
charge carrier concentration is shown in the inset in figure 4.1 b) as a function of gate voltage.

The analysis of the WL peak fitting over a range of charge carrier densities is presented in
figure 4.1 c) to e). The phase coherence time τφ, the intervalley scattering time τi and intraval-
ley scattering time τ∗ for sample A (blue circles) are compared to the data of a CVD-grown
12C monolayer graphene reference sample. Additional free parameters that account for nuclei-
enhanced electron spin-scattering terms are not introduced into the original WL theory by Mc-
Cann et al., to have a direct comparison between both graphene species within a compact model.
As a result, an anomaly in the deduced scattering times can be expected, as hyperfine coupling
enhances both elastic and inelastic processes.192

The most striking feature in these plots is the pronounced drop of all scattering times in the
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Figure 4.1.: a) Illustration of the weak localization (WL) effect which leads to an increased re-
sistivity atB = 0 T. b) Exemplary magnetotransport data (black dots) of sample A
at 1.5 K, which are fitted by Eq. 4.1 (red solid line). The upper inset illustrates two
Dirac cones in the honeycomb lattice with intra- and intervalley scattering events.
The circles at the Dirac points represent 13C nuclei with their spin magnetic mo-
ments (red arrows) µI around B ≈ 0 T. The lower inset displays the corrected
charge carrier density using the two-carrier model. c) phase-breaking scattering
time τφ, d) intravalley scattering time τ∗ and e) intervalley scattering time τi mea-
sured on sample A (monolayer 13C graphene, blue dots) and a reference sample of
12C graphene (red dots). The measurements were performed at 1.5 K (closed dots)
and 4.2 K (open dots). Figure a) is adapted from my master’s thesis.145 Figure b) to e) are
adapted with permission from V. Strenzke, J. M. Meyer, I. Grandt-Ionita, M. Prada, H.-S. Kim, M.
Heilmann, J. M. J. Lopes, L. Tiemann, and R. H. Blick. Nuclear-induced dephasing and signatures
of hyperfine effects in isotopically purified 13C graphene. Physical Review B 105, 144303 (2022).
Copyright 2022 American Physical Society.19

13C sample when approaching the CNP. This effect can be interpreted by noting that near the
CNP the magnetic moment densities of electron spins and nuclear spins become comparable.
Despite the significantly smaller magnetic moment of 13C nuclei, the nuclear densityN is much
larger than typical carrier concentrations in graphene,143 especially near the CNP. Moreover,
at low carrier concentrations, a significant fraction of carriers becomes locally trapped while
at the same time carrier screening of the nuclear moments is weak. Since locally trapped car-
riers are susceptible to fast spin exchange,193, 194 similar effects could result in the suppression
of all scattering times, mediated by the hyperfine interaction and the large number of weakly
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screened nuclei.19

Except for an overall shift, the phase coherence time τφ of the 13C graphene sample in figure
4.1 c) shows a similar behavior at 1.5 K (closed blue dots) and 4.2 K (open blue circles). Con-
sidering the dephasing rate as linear with temperature, τ−1

φ = τ−1
s +AT ,195, 196 a faster spin spin

relaxation rate τ−1
s is obtained as the carrier concentration is close to the CNP. Moreover, τ−1

s

for the 13C sample is roughly one order of magnitude faster than for 12C, which is in agreement
with the arguments presented above.19

The dichotomy between the 12C and 13C graphene scattering times near the CNP can be
further evaluated by the scattering mechanisms that enhance or subdue WL, as visualized in
the upper inset in figure 4.1 b). The nuclear spins will influence the scattering mechanisms as
atomically sharp impurities192 and (time-dependent) randomly fluctuating spin moments that
are linked to the electron spins via the hyperfine interaction.19

WL originates from interference of two paths, which makes it sensitive to inelastic phase-
breaking scattering parameterized by τφ and its competition with intervalley and intravalley
scattering. Phase-breaking scattering is generally associated with inelastic phonon scattering,
where the scattering target changes with time. There are, however, also elastic scattering events
that can contribute to phase-breaking, such as spin-flip events. Since nuclear moments are cou-
pled to the electron spins via the hyperfine interaction, randomly fluctuating nuclear moments
can transfer spin momentum to the electrons, which represents phase-breaking scattering.19

Intervalley elastic scattering (τi) is promoted by sharp defects or edges that flip the direc-
tion of the carriers. We may expect this to be dominant at low densities, where the potential
landscape consists of electron-hole-puddles. Intervalley scattering mixes two valleys that have
opposite chirality and can thus restore WL. As nuclear spins can be considered atomically sharp
defects, it is feasible that their existence will enhance intervalley scattering, as represented in
the data in figure 4.1 d).19

Intravalley elastic scattering (τ∗) originates from scattering on defects with sizes comparable
to interatomic distances and the trigonal warping effect, i.e., a trigonal deformation of the Dirac
cone. Trigonal warping will appear as we shift away from the DP. Although intravalley scat-
tering is elastic, it still breaks the chirality within each of the two graphene valleys in k-space.
Owing to the relative Berry phase of π, the backscattering interference is destructive at B = 0.
Intravalley scattering is thus a dephasive process that competes with the constructive WL inter-
ference. Nuclear spins exist on interatomic distances on all atomic sites and may contribute to
intravalley scattering, resulting in the behavior of τ∗ shown in 4.1 e).19

Various defects exist that influence intra-, inter- and phase-breaking scattering regardless of
the nuclear isotope. Graphene synthesized by CVD is comprised of grains that form during
growth when the nucleation centers fuse into a continuous layer and can exhibit additional
lattice defects such as vacancies, line defects and folds.197, 198 Vacancies in the crystal lattice are
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associated with localized states that possess magnetic moments199, 200 and induce spin scattering.
The same types of defects will be present in both the 12C CVD graphene and 13C CVD graphene
but their concentration differs such that the mobility of the 13C graphene is smaller by a factor
of 3 as compared to the 12C reference sample. We emphasize that the lower mobility alone
can not account for the opposite trends of the scattering times for 13C and 12C graphene near
the CNP.19

The experimentally observed suppression of τφ implies fast electron spin diffusion by mo-
mentum transfer between the electrons and nuclei. This type of momentum transfer is a precur-
sor for dynamic nuclear polarization (DNP). In the following section, this method is exploited
to generate a sizable nuclear field via ESR.19

4.1.2. Magnetic Resonance Spectroscopy of 13C Graphene

Electron spin resonance spectroscopy of large-area 13C graphene
As introduced in section 2.4, microwave activated magnetic resonance spectroscopy methods,
such as electron spin resonance (ESR) and nuclear magnetic resonance (NMR), can provide
valuable information about the spin physics of graphene. In these experiments, a loop antenna
in close proximity irradiates the sample with microwave radiation, as shown in figure 4.2 a).
The Hall bar consists of MBE-grown isotopically purified 13C few-layer graphene (sample B
and sister sample). Similar to the CVD-grown large-area graphene of sample A, it is com-
prised of grains and exhibits inhomogeneously distributed curvature existing as a large number
of folds, bends and ripples.19, 50 In 13C carbon nanotubes, curvature induces sp hybridization
of the electron orbitals that affects the spin-orbit coupling201, 202 and the hyperfine interaction.
The magnitude of the hyperfine interaction in carbon nanostructures and how it is influenced by
curvature is still a controversial topic.142, 203–207 The unintentional curvature represented by ran-
dom folds and nanoripples in the 13C few-layer graphene sample might result in a slightly larger
overall hyperfine interaction than anticipated for single crystalline exfoliated graphene.19, 50

Resistively-detected ESR experiments on GaAs two-dimensional electron systems have
shown the sensitivity of ESR to nuclear magnetic fields BN, where the electron spin resonance
is subjected to an Overhauser shift.208, 209 More recently, Shchepetilnikov et al. have demon-
strated the detection of nuclear fields using resistively-detected ESR measurements on an AlAs
2D system,210 which has p-type conduction electrons, similar to graphene. Hence, the p-orbital
character and the weak hyperfine interaction in graphene should not generally preclude such an
experimental approach.19, 50

The ESR measurements shown in figure 4.2 b) are conducted by monitoring the longitu-
dinal sample resistivity ρxx in a ramping magnetic field B under continuous irradiation with
microwaves of constant power and frequency ν at nominally 1.5 K. Once the varying electron
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Zeeman splitting matches the constant energy of microwave quanta, hν, electron spins are reso-
nantly excited, resulting in a change in resistivity. The expected frequency-dependent dispersion
of the resonance is clearly observed. For a substantially polarized nuclear spin system, a nuclear
magnetic fieldBN is present which acts on the electron Zeeman energy and shifts the resonance
position by ∆B ∝ Ā/µBg, with the electron g factor and the hyperfine interaction tensor Ā. A
strong nuclear polarization out of thermal equilibrium can be achieved by means of DNP. DNP
pumps the nuclear level polarization by exploiting momentum transfer when an electron flips
its spin and transfers momentum to the nuclei.19, 20, 193

At first glance, four different resonances can be identified in the resistively-detected ESR
measurements shown in figure 4.2 c), corresponding to multiple resonant excitations between
bands of opposing spin and chirality in the low-energy regime of the graphene band structure
that can be modified by intrinsic spin-orbit splitting15, 17 and sublattice splitting.18 The ESR
measurements under microwave excitation in figure 4.2 c) are compared to a background mea-
surement without microwave radiation, where the resonances are absent. For these measure-
ments, the charge carrier density was tuned close to the CNP. The four resonances are marked
with Greek letters, using α for excitations between the pure Zeeman levels and β for excita-
tions between bands that are split by intrinsic spin-orbit coupling.17 The two γ lines result from
sublattice splitting.18 Sublattice splitting can originate from a symmetry breaking due to the
substrate but also from a (local) Bernal stacking in graphene multilayers.211 Following previous
reports,15, 17, 18 each resonance is fitted with a Lorentzian function to analyze the amplitudes and
(center) magnetic field occurrences. The results are summarized in figure 4.2 d), showing the
linear dispersion of microwave energy versus magnetic field position of all resonances. The plot
combines the data of ESR measurements on sample B and an additional sister sample, which
are nearly identical and both fabricated from the same processing batch. Measurements at much
higher carrier density do not result in a shift of the resonance position, confirming that Rashba
spin-orbit interaction is negligible. However, other types of spin-orbit interactions, arising from
a hBN substrate for example, could modify the effective g factor.18 For these measurements,
such effects can be excluded since exclusively the same SiO2 substrate is used for all samples
in addition to the same fabrication methods to process the graphene.19

The data in figure 4.2 d) exhibit two signatures that are consistent with the presence of a small
nuclear field. First, from a linear regression of the data points of the α resonance that directly
follow hν = g · µB · B, the effective electron g factor of g = 1.896 ± 0.021 is deduced, which
is about 2.95± 1.16 % smaller than determined from ESR measurements on 12C graphene on a
SiO2 or SiC substrate.15–17, 212, 213 Second, an asymmetry is observed for the intercepts of the γ
resonances which represent the energy splitting of sublattice and spin degrees of freedom.19

First, the reduction of the g factor will be discussed: I. Unlike the nuclear Zeeman splitting
that is probed in nuclear magnetic resonance experiments, the electron Zeeman energy, or more
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Figure 4.2.: a) Schematics of the 13C graphene Hall bar sample and electron spin resonance
(ESR) measurement setup utilizing a simple loop antenna. b) Resistively-detected
ESR measurements of sample B (13C few-layer graphene) are conducted at vari-
ous constant microwave frequencies at 22 dBm power while sweeping the external
magnetic field B. The expected linear shift of the resonances with increasing mi-
crowave frequency is clearly visible. The data are vertically shifted for clarity. c) In
contrast to the background measurement without microwave excitation (light green
solid line), ρxx for 35 GHz, 33 GHz and 31 GHz (shades of darker green lines) shows
four resonances that are labeled by the Greek letters α, β, γ and γ′. The charge car-
rier density is tuned close to the CNP, while a microwave power of 22 dBm is
used at 1.5 K. d) Analysis of all resonances (including those from an identical sister
sample from the same processing batch) shows the linear energy dispersion with
magnetic field. The deduced g factor from the slope is g = 1.896 ± 0.021. The
intercepts are 42.95± 1.02 µeV (β), 20.24± 0.84 µeV (γ’) and −15.52± 1.31 µeV
(γ). The linear fit was not forced through the origin resulting in a tiny offset for the
pure Zeeman energy represented by α.19 Figure a), c), and d) are adapted with permission
from V. Strenzke, J. M. Meyer, I. Grandt-Ionita, M. Prada, H.-S. Kim, M. Heilmann, J. M. J. Lopes,
L. Tiemann, and R. H. Blick. Nuclear-induced dephasing and signatures of hyperfine effects in iso-
topically purified 13C graphene. Physical Review B 105, 144303 (2022). Copyright 2022 American
Physical Society.19

precisely µB, does not depend on the isotope mass. II. Since the g factor of bulk graphite is
significantly larger and exceeds a value of 2, a possible layer-dependence should lead to higher
but not smaller values. It was also demonstrated that even the g factor of trilayer graphene is still

99



4.1.2 Magnetic Resonance Spectroscopy of 13C Graphene

independent on the number of layers15 and still smaller than for bulk graphite.19 III. There exists
no dependence on carrier concentration and carrier type.16–18 IV. Effects from varying substrates
or varying sample preparation are excluded. The reduction of the g factor, however, is consistent
with the presence of a nuclear field since a sizable nuclear field will affect the electron Zeeman
splitting.208–210 This will be reflected in the experimentally deduced, i.e., effective g factor. The
small variance between the electron g factors for 12C and 13C graphene which is of the order of
∆ g≈ 0.054± 0.023 may thus signal a small nuclear field.16, 17, 19

The nuclear magnetic field can be expressed as193

BN = f · bN
B · 〈S〉B
B2

, (4.2)

whereB is the external magnetic field, 〈S〉 represents the average electron spin polarization, f a
spin relaxation factor and bN the effective magnetic field as a result of nuclear spin polarization.
bN has been estimated to be−5.2 mT for 13C graphene.143 For our experiments, it is not possible
to calculateBN because unambiguous absolute values for f and 〈S〉 are not available. However,
it is possible to estimate the hypothetical nuclear field that results in a certain effective g factor.19

A nuclear magnetic field will slightly reduce the electron Zeeman splitting. Since the mi-
crowave frequency is constant, the resonance condition for electron spin flips now requires a
slightly larger external magnetic field B, as illustrated in the inset of figure 4.3 a). The larger
magnetic field converts to a smaller effective g factor. An extrapolation of the experimental
value of the 12C graphene g factor (dashed line) and their uncertainties (light blue band of con-
fidence) is shown in figure 4.3 a). The extrapolation assumes a nuclear Overhauser field that
acts on the Zeeman energy and thus the g factor. This estimation illustrates that ∆g ≈ 0.054

between 12C and few-layer 13C (lower solid black horizontal line) would be consistent with
an Overhauser field of the order of −29.8 mT± 8.3 mT (lower black horizontal line). We also
obtained an experimental g factor of 1.957 ± 0.016 from sample A (monolayer 13C graphene)
(upper horizontal line). This value is close to those for 12C graphene, but the large uncertainty
still allows for a possible Overhauser field smaller than −5 mT. A layer effect on the g factor
was ruled out in earlier studies15 but for 13C graphene multilayers may simply be required to
achieve nuclear fields.19

The intercepts of the two γ resonances with the energy axis at B = 0 T in figure 4.2 d)
exhibit a significant asymmetry. The intercept of the upper γ′ resonance (green) has a value
of approximately 20.2 µeV, whereas the lower γ line (red) indicates a gap of −15.5 µeV. This
asymmetry is consistent with a nuclear magnetic field that increases the sublattice splitting gap
∆γ at the K point and lowers it at the K’ point as illustrated in figure 4.3 b). Note that ∆γ has
a different sign (and magnitude) at each Dirac cone, owing to the nontrivial band topology of
graphene,21 where spin and sublattice (pseudospin) degrees of freedom are related by chirality.
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Figure 4.3.: a) Extrapolation of the 12C g factor16, 17 in the presence of an Overhauser field
(dashed line). The light blue band of confidence includes the measurement un-
certainty. The g factors deduced from few-layer and monolayer 13C graphene are
shown by the intersecting dark shaded areas (black solid horizontal lines indicate
mean values). The inset is a qualitative energy dispersion of the electron Zeeman
splitting with a nuclear field BN < 0 (blue) and BN = 0 (red). A nuclear field
will reduce the electron Zeeman splitting, i.e., for a constant ν a largerB is needed
to match the resonance condition. b) Band diagram at K and K’ in the presence
of spin and sublattice splitting,18 modified by a shift in energy of ∆N induced by
a nuclear field.19 Figure a) and b) are adapted with permission from V. Strenzke, J. M. Meyer,
I. Grandt-Ionita, M. Prada, H.-S. Kim, M. Heilmann, J. M. J. Lopes, L. Tiemann, and R. H. Blick.
Nuclear-induced dephasing and signatures of hyperfine effects in isotopically purified 13C graphene.
Physical Review B 105, 144303 (2022). Copyright 2022 American Physical Society.19

This results in spin-polarized subbands with opposite ordering at the two K points,18 causing the
depicted band inversion (blue and green bands that represent the sublattice degree of freedom).
Solving the zero-field splitting gaps ∆γ + ∆N ≈ 20.24± 0.84 µeV and ∆γ −∆N ≈ −15.52±
1.31 µeV with ∆γ = 17.88 ± 1.1 µeV, we obtain an effective |∆N| ≈ 2.36 ± 0.24 µeV which
converts to a nuclear field of |∆N/gµB| ≈ 21.5± 2.2 mT.

Strikingly, the two estimated Overhauser fields from the reduced g factor and the asymmetric
γ resonances are in good agreement with each other, but also consistent with theoretical pre-
dictions and other experimental studies.142, 143, 192, 207, 214 The ESR experiments presented here
might have benefited from the aforementioned occurrences of local curvature in the large-area
MBE-grown few-layer graphene. However, it is important to mention that the observed nuclear-
induced variations are very small and approach the uncertainty limits of our measurements.

In the following, the temperature and microwave power dependence of the ESR experiments
on 13C graphene will be discussed. The resistively-detected ESR measurements on the 13C
few-layer graphene sister sample were repeated at millikelvin (mK) temperatures in a dilution
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refrigerator. Figure 4.4 a) compares these measurements to the previous measurements that
were conducted at 1.5 K. The γ resonance is the first resonance to appear at low microwave
powers and low temperature while the main α resonance is still buried in the background. To
resolve the α resonance, more electron spin-flip excitations are required, which can be provided
by increasing the microwave power, as shown in figure 4.4 b). As indicated, the increasing
power also results in an increase of the effective sample temperature.

Figure 4.4.: a) Direct comparison of resistively-detected ESR measurements in the millikelvin
(mK) regime (thick solid lines, all 8 dBm) and at higher temperatures (thin solid
lines, all 20 dBm) on 13C few-layer graphene (sample B). At low temperatures,
the γ resonance is the first to appear. Measurements are performed close to the
CNP and vertically shifted for better visibility. b) When the microwave power is
increased, other resonances become pronounced. The effective sample temperature
increases at higher power. c) Power dependence at nominally 1.5 K (the effective
sample temperature is estimated to reach up to 3 K for 22 dBm). Here, all reso-
nances appear simultaneously upon microwave power increase. d) Temperature-
dependence of the resonances at mK-temperatures for constant microwave condi-
tions. The resonances disappear equally fast for rising temperature.

A contrasting behavior is observed for ESR experiments on sample B at higher temperatures
(1.5 K), depicted in figure 4.4 c). The cryostat is nominally at 1.5 K but the effective sample
temperature is higher due to radiative heating of the sample space. We estimate the effective
sample temperature to reach up to 3 K for the highest microwave power of 22 dBm. In this high
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temperature regime, the γ resonance appears simultaneously with the other resonances when the
microwave power is increased. In contrast, at low temperatures, the continuous heating of the
sample at a constant microwave power reduces all resonances equally, as shown in figure 4.4 d).

We propose that in the low power and low temperature regime, a finite BN can exist due to
a sizable 〈S〉 and the external magnetic field difference for α and γ (see Eq. 4.2). This nuclear
magnetic field is too small to be detected directly as an Overhauser shift of the resonances due
to our measurement uncertainty and linewidth. It becomes evident only through a detailed anal-
ysis of the resonance positions, revealing signatures of nuclear effects, as discussed above for
figure 4.2 d). Here, a smallBN can act on the electron Zeeman splitting and slightly enhance the
γ resonance within the onset parameters for ESR detection where electron spin-flips can effec-
tively transfer momentum to the nuclear spin system. Conducting such ESR experiments with
improved microwave-coupling to the graphene electron system, e.g., by incorporating coplanar
waveguides, could shed new light on low energy spectrum of the graphene band structure and
probe nuclear-induced effects with minimized radiation heating.

Electron spin diffusion times τs are sensitive to spin-flip scattering and can be deduced from
the ESR linewidth ∆Bres

15

τs =
h

4π∆Eres
=

h

4πgµB∆Bres
. (4.3)

Spin diffusion times were reported to be mostly independent of the carbon isotope and ranged
between 60 ps and 80 ps, with a weak carrier density dependence.143 From a Lorentzian fit of the
resonances close to the CNP, spin diffusion times of τ 12C

s ≈ 70± 37 ps (12C graphene reference
sample), τ 13C, A

s ≈ 9 ± 8 ps (sample A) and τ 13C, B
s ≈ 12 ± 9 ps (sample B) are obtained. The

significantly shorter spin diffusion times for our 13C samples are in agreement with the WL
results and support the picture of nuclear spin-enhanced electron spin scattering.

The ESR measurements on 13C few-layer graphene samples exhibit exceptionally well pro-
nounced resonances. Exemplary measurements in both magnetic field sweeping directions were
recorded with high resolution and are displayed in figure 4.5 a). These data were collected at
two different gate voltages, but at the same frequency of 20 GHz. The coinciding resonance po-
sitions underline that Rashba spin-orbit coupling is negligible in our experiments. Note that the
pronounced resistance dip aroundB = 0 T will be discussed later. Although the resonances are
already well visible in the raw data, the ESR signal can be enhanced by subtracting the ESR data
from a background measurement, resulting in the ∆Rxx trace (blue solid line) in figure 4.5 b).
The resonance positions of the four resonances (α, β, γ and γ′) are marked by vertical lines,
while their energetic separation is also labeled. Two unexpected and distinct features can be no-
ticed in this ESR measurement. First, two symmetric shoulders appear around the α resonance,
with a energetic separation of 1 GHz (∼ 4 µeV) from α. The physical implications of such
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ultralow-energy excitations in the graphene band structure would be intriguing. However, due
to the line width and the signal intensity of the pronounced α resonance, these shoulder-features
are sometimes difficult to identify for other frequencies. This impedes a more detailed analysis
of this feature in the scope of this work, but which is certainly interesting for future studies.

Figure 4.5.: a) Comparison of ESR measurements at two different gate voltages (0 V and 50 V)
for both magnetic field sweeping directions. The measurement was performed on
the 13C few-layer graphene sister sample at mK-temperatures at a constant fre-
quency of 20 GHz. b) Subtracting the ESR data (black data trace) from the back-
ground measurement yields ∆Rxx (blue data trace) which exhibits an enhanced
ESR signal. The four resonances α, β, γ and γ′ are marked by vertical lines along
with their energetic separation. Two shoulders appear for the α resonance. A fifth
resonance (δ) is observed at low magnetic fields. c) Detailed ESR measurements
resolve the frequency shift of δ. d) Including δ in our detailed analysis yields an
intercept of ∼ 42 µeV (similar to β) and a g factor of 4.661± 0.134.

The second unexpected feature is the appearance of an additional resonance towards lower
magnetic field that is energetically separated by 15 GHz (∼ 60 µeV) from α in this measure-
ment. The resonance position of this feature can also be resolved for other frequencies, which
is marked by arrows in figure 4.5 c). By including this additional fifth resonance in the detailed
analysis from above, the intercept and g factor of this resonance are determined, as shown in
figure 4.5 d). This fifth resonance, which will be referred to as δ, shares a similar intercept
with β of ∼ 42 µeV. However, from the linear fit (bright red line) in figure 4.5 d) a g factor of
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4.661 ± 0.134 is deduced, which is approximately 2.5× higher than the g factor of the other
four resonances. This δ resonance has appeared in ESR measurements on two 13C few-layer
graphene samples (sample B and sister sample)145 and was also reported in a recent ESR study
on twisted bilayer graphene.140, 141 In a recent study, Morissette et al. proposed an entirely
different framework based on magnon geometric resonances140 to explain the observed reso-
nances in their study. Following their picture, the δ resonance originates from a two-magnon
mode. However, their interpretation forcefully disregards the experimental findings of other
ESR studies conducted on completely different (non-moiré) graphene devices.19, 139, 141, 215

Thus, the δ resonance must have a different origin, which captures the results in 13C few-
layer graphene and those in TBG. Microwave-induced resistance-oscillations (MIROs) that
have been observed in GaAs 2D electron systems also exhibit a linear microwave frequency
dependence, although these oscillations are not strictly resonant features.216 However, these
radiation-induced oscillations are typically found in high-mobility electron systems, which is
not the case for our 13C few-layer graphene. Moreover, MIROs in graphene depend on the
Fermi energy EF and are expected to shift for different gate voltages.217 As discussed above,
this is not observed in our data and the δ resonance is found in at least three different samples,
with varying carrier densities and impurity levels.140, 145 Hence, we rule out MIROs as a possible
origin of δ. Based on the g factor of∼ 4.6, which is approximately twice as high as for the other
resonances, an excitonic picture may be considered. Applying a perpendicular magnetic field
results in quantized Landau levels with discrete energies. Under these conditions, excitonic
states may form under microwave irradiation due to enhanced Coulomb interactions between
carriers in the same Landau level.218, 219 As excitons in graphene are expected to be unstable it
is unclear whether δ is related to them or not. However, these results highlight the rich physics
that can be probed by ESR experiments, while the origin of some additional resonances, in par-
ticular δ, remains an open question.

Nuclear magnetic resonance in 13C graphene
In order to probe the nuclear spins directly, the 13C graphene samples were also exposed to
radio frequencies to match the nuclear Zeeman splitting. Throughout this work, numerous
approaches were employed to resistively detect NMR. The approaches differ in their method to
polarize the nuclear spin system and in their detection technique.

Since the NMR signal is proportional to the nuclear spin imbalance, as discussed in section
2.4, the nuclear spin polarization should be maximized. The nuclear polarization is a fragile
and extremely temperature-sensitive state. Hence, for the NMR experiments a balance must
be found that allows sufficient polarization and readout signal-to-noise ratio while minimizing
radiation-induced heating effects. NMR measurements are conducted either at the highest mag-
netic fields, which benefits thermal polarization,145, 220 or ESR is used for DNP.19, 50, 145 ESR can
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be utilized either in parallel to achieve a continuous polarization pumping or only ahead of the
NMR probing, to minimize additional ESR-induced microwave heating of the sample.

In contrast to conventional NMR spectroscopy, solid state NMR typically indirectly probes
the effect of nuclear spins on the 2D electron system.20 As introduced earlier, one way is to
identify the Overhauser shift of the electron spin resonance. Due to the narrow linewidth of the
nuclear resonance, NMR measurements are usually not conducted by sweeping the magnetic
field B at a constant nuclear RF frequency ν. Instead B is kept constant while ν is varied
with high resolution around the expected resonance value. In addition, an RF on/off-switching
technique was explored.145, 220, 221

Figure 4.6.: a) Time-dependent Rxx relaxation of RF-off-switching, as indicated by the
schematic inset, in the large-area 13C graphene sister sample. The data is well de-
scribed by a single exponential fit function (red solid line). The NMR experiment
was conducted at 20 mK under ESR DNP at 0.7 T. b) The resistance relaxation time
r of two measurement series (red and blue data points) and their average values
(green line) exhibits a drop at the expected nuclear resonance frequency νr.

For this, Rxx is studied as a function of time over multiple on- and off-switching events of the
radiation, for varying frequencies. When the RF radiation is turned on, the resistance decreases
due to radiation-induced heating effects. The resulting resistance level can be studied as this
may be affected significantly by nuclear effects at νr. When the RF radiation is turned off,
the system equilibrates according to the Korringa law and an exponential fit to the resistance
curve can be used to extract the relaxation time.20, 222 An exemplary fit of an RF-off-switching
event in the large-area 13C graphene sister sample is shown in figure 4.6 a). In this NMR
experiment, DNP was performed by ESR at 20 GHz at a constant magnetic field of 0.7 T. For
this magnetic field, the nuclear resonance frequency is expected at νr = Bγ = 7.494 MHz,
with the gyromagnetic ratio γ = 10.705 MHz/T for 13C. The NMR frequency was switched
on and off in small steps around νr under continuous ESR DNP. The time dependency of the
resistance response to "RF off", i.e., the relaxation and cooling, is evaluated by fitting a single
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exponential decay function y = A · e−x
r + y0 to the data, as shown in figure 4.6 a). The spin-

lattice relaxation of nuclear spins back to their equilibrium is mediated by conduction electrons
and depends on the electron density of states, as described by the Korringa law.20, 222 Note that
the observed resistance relaxation is also dominated by a thermal response, where the nuclear
spin relaxation is encoded in a modulation of the thermal resistance relaxation time r. However,
at the nuclear resonance frequency, a different resistance relaxation behavior is expected that
should be reflected in the fitting results. The fit results of two series of RF-switching studies are
given in figure 4.6 b) for the resistance relaxation time r. A drop towards νr is observed in the
first series (red data points). While this feature is not as well pronounced in the second series
(blue data points), the drop is visible in the average of both series (green line). The observed
minimum in r at exactly νr signals a modulation of the resistance by nuclear spin relaxation.
While these initial results are promising, it was not possible to consistently reproduce these
observations, which may hint at an extremely slow/inefficient nuclear re-polarization.

In a modified version of this technique, the RF-radiation is switched between on- and off-
resonant frequencies instead of on- and off-states. This minimizes thermal effects and may al-
low the determination of nuclear spin relaxation times.221 An overview of the various conducted
modifications of the RF-switching technique is given in D. v. Krosigk’s bachelor’s thesis.220

So far, it was not possible to clearly and reproducibly demonstrate NMR in 13C graphene
devices, using simple loop antennas as radiation sources. The nuclear resonance feature is ex-
pected to be small19, 203, 204, 214 and could be masked by radiative heating effects. However, in
particular RF-switching NMR experiments could be explored in more detail in future studies.

Exfoliated hBN-13C graphene heterostructures
The previously discussed large-area CVD- and MBE-grown 13C graphene samples on silicon
substrates suffer from inferior electronic quality compared to high-quality exfoliated graphene
devices on hBN substrates. Improving the electronic quality of 13C graphene devices could
be beneficial to resolve nuclear effects. Thus, once the fabrication technologies were avail-
able, hBN-13C graphene heterostructures were prepared and assessed by magnetotransport and
microwave spectroscopy.

The influence of the hBN substrate was evaluated in 13C few-layer graphene Hall bars on
exfoliated hBN. However, it is still difficult to draw clear conclusion from these measurements.
The interested reader is referred to D. v. Krosigk’s bachelor’s thesis.220

In a different approach, exfoliated and hBN-encapsulated 13C graphene devices were pre-
pared, which displayed a high electronic quality compared to the large-area, polycrystalline
graphene samples. This brief section illustrates the advancements achieved in (13C) graphene
device fabrication.

An optical image of one exfoliated 13C graphene sample with metallic one-dimensional edge
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Figure 4.7.: a) Optical image of a hBN-encapsulated exfoliated 13C graphene device (13C # 1)
with metallic one-dimensional edge contacts. b) The longitudinal resistance Rxx of
this device exhibits clear Shubnikov-de Haas (SdH) oscillations and the quantum
Hall effect. c) Comparison of the magnetotransport behavior of two 13C graphene
devices (13C # 1 (blue) and 13C # 2 (black)) and one 12C sample (red). d) Landau fan
diagram of 13C # 2, mapping the gate voltage (VBG) and magnetic field dependence
of Rxx.

contacts (13C # 1) is given in figure 4.7 a). The sample is few-layer 13C graphene with 5 to
10 layers. A four-terminal magnetotransport measurement of the longitudinal resistance Rxx at
20 mK up to 9 T is shown in figure 4.7 b). The device exhibits pronounced Shubnikov-de Haas
(SdH) oscillations, with Rxx dropping to zero. Unfortunately, the device configuration did not
yield a well developed quantized Hall resistance223 and the backgate was unavailable.220

Nevertheless, the classical Drude model can be employed to estimate the mobility µ and
charge carrier density nwith the classical Hall effect relation at low magnetic fields (≤ 100 mT)
Rxy = ρxy = B

ne
. The Rxx magnetotransport characteristics of this device (13C # 1, blue trace)

are compared with those of a second similar hBN-encapsulated exfoliated 13C graphene sam-
ple (13C # 2, black trace) and one hBN-encapsulated exfoliated 12C graphene sample (12C, red
trace) in figure 4.7 c). Although the absolute resistance values of the 13C # 2 and 12C sam-
ples are much larger, they also display pronounced SdH oscillations, which start already at low
magnetic fields, indicating high charge carrier mobilities.144 The 12C sample will be discussed
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in more detail later in section 4.2. However, from its Hall resistance, a charge carrier den-
sity of n ∼ 5.8 × 1012 cm−2 and a high mobility of µ ∼ 5 × 105 cm2/Vs is deduced, using
µ = 1

ρxx(B=0)

dρxy

dB
with the longitudinal resistivity ρxx = Rxx

W
L

(W and L are width and length
of the sample).144 Note that there might be an overestimation of µ with a factor of ∼ 5 due
to additional conductance pathways in the 12C sample. The mobility for 13C # 1 is determined
as µ ∼ 2.6 × 104 cm2/Vs, although this time, the mobility is probably underestimated due
to asymmetry in the Hall voltage.220 For the other 13C # 2 sample, no Hall resistance could
be measured and consequently n and µ could not be determined. However, in this sample a
backgate was available that allowed mapping of the gate voltage (VBG) and magnetic field de-
pendence as shown in figure 4.7 d). This Landau fan diagram clearly shows the dispersion of the
SdH oscillations towards higher magnetic fields, caused by the separation of the Landau levels.
The expected SdH oscillations are intersected by diagonal features which may correspond to
secondary Dirac peaks that result in additional Landau fans. This phenomenon, known as the
Hofstadter butterfly, can be caused by the alignment of the hBN with the graphene that leads
to the formation of a moiré superlattice.224–226 For these hBN-graphene moiré superlattices,
Brown-Zak oscillations are likely to arise from quantized magnetic flux through a superlattice
unit cell.225, 227, 228 However, the detailed analysis of the data in figure 4.7 d) is ambiguous and
it remains unclear whether Brown-Zak oscillations are observed or not.

These results highlight the superior electronic quality of hBN-encapsulated exfoliated
graphene devices compared to large-area graphene. For completeness, it is worth mention-
ing that ESR was carried out on these exfoliated 13C graphene samples by using a simple loop
antenna. However, no resonant signals could be observed which is mainly attributed to insuffi-
cient microwave coupling.

Resistance anomalies in 13C graphene at low magnetic fields
Multiple MBE-grown 13C few-layer graphene samples from different growth-batches showed
resistance anomalies at low magnetic fields (≤ 50 mT). In the first sample, two steps appeared
at ±10 mT and ±30 mT under microwave irradiation at mK-temperatures, as shown by the
dark blue line in figure 4.8 a). The appearance of these steps is slightly hysteretic and depen-
dent on the sweep rate. The height of the steps amounts to several tens of kΩ resistance and
is also sensitive to the applied microwave power, as illustrated by the colored data points in
figure 4.8 a). Measurements at different power values are compared in figure 4.8 b). The re-
sistance steps are absent for measurements without microwave radiation (background), ruling
out weak-antilocalization as possible explanation. Although the steps are observed for various
microwave frequencies, the step position is frequency-independent, as shown in the appendix
A.2 figure A.2. The observed effect appears to be non-resonant and is not induced by simple
heating as discussed below.
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4.1.2 Magnetic Resonance Spectroscopy of 13C Graphene

Figure 4.8.: a) Microwave-induced resistance steps (dark blue curve) at low magnetic fields in
MBE-grown 13C few-layer graphene at mK-temperatures. The step height is depen-
dent on the applied power, as indicated by the colored data points. b) Comparison
of measurements at different power levels including a background (BG) measure-
ment without microwaves. All depicted measurements are conducted at 20 GHz
and shifted for better visibility.

The step height of both steps can be extracted for negative and positive magnetic fields and
compared for different microwave powers, as shown in figure 4.9 a). Here, the measured and
calibrated effective electron temperature Te is included to assess the radiation induced heating.
Details on the determination of Te can be found in the appendix figure A.3. The step height
distribution over applied microwave power of both steps exhibits a bell curve shape with a
maximum at intermediate power values. However, the maximum of the two steps is shifted
by 4 dBm. The inner step is first to appear at low powers, followed by the outer step, before
vanishing at high power. The disappearance of the steps at high power can be attributed to the
high electron temperature, which approaches 1 K at > 12 dBm due to radiation induced heating.
This sets the upper energy limit of this effect, corresponding to kB1 K∼ 90 µeV. In compar-
ison, the magnetic field positions of the two steps correspond to magnetic field energies of
µBB≈ 0.6 (1.8) µeV for 10 mT (30 mT), respectively. The ratio R of the outer to inner step
height is depicted as a function of applied microwave power in figure 4.9 b). In the given pa-
rameter range, R generally increases with increasing microwave power. An equal step height is
observed for R = 1 at 5 dBm and Te ≈ 650 mK.

Various effects could be the origin of these steps. The magnetic field values fit well to the
typical critical magnetic field of the aluminum wire bonds, but the magnitude of the resistance
changes of tens of kΩ is too large for a superconducting transition of a metal. CVD-grown
large-area 12C graphene samples that were fabricated by the same methods did not show similar
effects, which makes magnetic impurities from the wet transfer process an unlikely scenario.
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4.1.2 Magnetic Resonance Spectroscopy of 13C Graphene

Figure 4.9.: a) Quantitative analysis of the step height of the inner (red triangles) and outer
(black triangles) steps for negative and positive magnetic fields as a function of
applied microwave power. The measured and calibrated effective electron temper-
ature Te is included as the upper x-axis. b) The ratio R of the outer to inner step
height as a function of applied microwave power for negative (black triangles) and
positive (red triangles) magnetic field values and their average (blue triangles). The
equal step height at R = 1 is indicated by the grey solid line.

The lack of frequency dependence rules out resonant effects. Further, the magnetic field po-
sitions are independent of the charge carrier density and appear at identical positions for mea-
surements at 0 V and 50 V backgate voltage. For resistance steps related to quantum effects
and localized states a shift of the steps would be expected. This also makes effects improbable
that result from charge domains such as electron-hole puddles. The large size of the sample
geometry excludes magnetic flux quantization effects. The observed flux through the graphene
area A (20 × 180 µm2) ranges between B · A ≈ 1 − 5 × 105 flux quanta Φ0 = h

e
for 10 mT to

30 mT.

While nuclear effects are a possible reason, the application of kHz-frequencies (correspond-
ing the nuclear resonance frequencies) by a lock-in oscillator output did not yield meaningful
results. Instead, if we focus on the absence of the steps without microwave radiation, nuclear
effects could result from a (partially) polarized spin system resulting from DNP. At B ≈ 0 T,
microwave-induced non-resonant electron spin excitations could result in hyperfine-mediated
non-equilibrium DNP of the nuclear spin system. The applied magnetic field could reach thresh-
old values at ±10 mT and ±30 mT where the nuclear spins become polarized. The observed
values of magnetic field (few tens of mT) are in good agreement with the estimations for nu-
clear magnetic fields from our ESR measurements.19, 50, 143 However, this is purely speculative
and additional measurements of these effects are needed in the future.
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4.1.2 Magnetic Resonance Spectroscopy of 13C Graphene

Figure 4.10.: a) Resistance anomalies at low magnetic fields without microwave radiation in
another MBE-grown 13C few-layer graphene sample. Depending on the magnetic
field sweep direction and resolution, two resistance dips appear around±20 mT. b)
The high resolution upsweep from a) is repeated with different integration time,
revealing a time dependence of the two dips. c) The high-resolution upsweep
exhibits the two resistance dips at 20 mT and 22.5 mT. The constant magnetic
field positions of time-dependent resistance measurements are indicated by the
red arrows. The colored arrow above serves as a reference for the magnetic field
positions in d). d) Time-dependence resistance traces at various magnetic field
values ranging from −10 mT (purple) to +30 mT (red). Most measurements do
not exhibit a significant time dependence. However, at +20 mT and +22.5 mT
(position of the dips), a rapid resistance increase is observed. An exponential fit
(black dashed line) to the resistance curve yields a relaxation time of ∼ 1 s.

In another MBE-grown 13C few-layer graphene sample from a different growth-batch, resis-
tance anomalies appeared at similar magnetic field values as shown in figure 4.10 a). However,
this time the resistance anomalies were found without microwave radiation. Two resistance
dips of several kΩ magnitude appear hysteretically at ∼ 20 mT at negative or positive magnetic
fields, depending on the sweeping direction. The measurements in figure 4.10 a) are conducted
with either low (1 mT) or high (0.16 mT) magnetic field resolution, but with the same integration
time per data point, which results in different sweep rates. The two resistance dips appear more
narrow for higher resolution, i.e., slower sweep rate. This reveals a time-dependence of these
dips, which is assessed by repeating the high resolution measurement with different integration
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times, as shown in figure 4.10 b). Strikingly, the highest magnitude of the dips is observed for
the shortest integration time of 0.3 s (light blue), while the dips almost vanish for an integration
time of 20 s (dark blue).

The time dependence is evaluated in more detail by measuring the resistance over time at
different constant magnetic fields, indicated by the red arrows in figure 4.10 c). The magnetic
field value, ranging from −10 mT to +30 mT, of the resulting resistance measurements over
time in figure 4.10 d) is indicated by colors. For most magnetic field positions, the resistance
does not exhibit any significant time dependence. However, at the position of the two dips
(20 mT and 22.5 mT), the resistance rapidly increases before reaching a stable resistance value.
An exponential fit to the resistance curve yields a relaxation time of∼ 1 s at both peak positions,
which may correspond to the spin-lattice relaxation time.222 This time dependence strongly
implies a spin-diffusion-based origin of the dips.

Figure 4.11.: a) Temperature dependence from 11 mK to 730 mK of the two resistance dips.
All measurements performed with 5 s integration time in upsweep-direction.
b) Magnified view of higher temperatures from a).

The temperature dependence of this effect is presented in figure 4.11. These measurements
were recorded with 5 s integration time by sweeping the magnetic field from negative to positive
values at temperatures between 11 mK to 730 mK. While no significant difference is observed
between 11 mK and 96 mK, a large decrease in amplitude and overall resistance is apparent for
higher temperatures. Surprisingly, the amplitude of the two resistance dips does not decrease
much further when the temperature is increased from 210 mK to 730 mK. The reason for the
shifts in the magnetic field positions of the dips between different temperature measurements
remains unclear. These shifts appear to be irregular and not continuous.

The origin of this effect remains an open question. However, the appearance of the resistance
anomaly at∼ 20 mT is again in good agreement with signatures of nuclear magnetic fields from
previous measurements on MBE-grown 13C few-layer graphene.
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In summary, we find indications of nuclear spin effects in WL, ESR and magnetotransport
measurements. If the enhanced electronic quality observed in hBN-encapsulated exfoliated 13C
graphene devices is combined with more efficient microwave coupling, experiments with higher
sensitivity can be achieved that could be capable to resolve nuclear spin effects directly.

4.2. Microwave Spectroscopy with Hybrid Circuits

In order to optimize the coupling of microwaves to graphene, microwave spectroscopy was per-
formed with hybrid circuits which integrate graphene with metallic contacts into high-frequency
waveguides. First, the results based on large-area graphene will be discussed, before presenting
advances with exfoliated graphene samples.

4.2.1. Microwave Circuits with Large-Area Graphene

The first generation of devices combined large-area CVD graphene with broadband metallic
coplanar waveguides (CPWs), as presented in figure 4.12 a) and explained in detail in sec-
tion 3.2.1. The CPW acts as an ultimately close microwave source directly below the large-
area CVD graphene, only separated by a thin oxide. The metallic contacts on top of the
graphene enable a low-frequency lock-in resistive readout technique that can be referenced to
the transmission-based readout of the high-frequency signal of the CPW.

Figure 4.12.: a) Optical image of large-area CVD graphene on top of a broadband metallic
coplanar waveguide (CPW) structure. This device is capable of a simultaneous
high-frequency transmission-based readout of the CPW and low-frequency resis-
tive readout via metallic contacts to the graphene. b) Exemplary two-terminal
magnetotransport of the graphene at 4.2 K without microwave radiation.

The sample was cooled down to 4.2 K and two-terminal measurements on the graphene were
performed as indicated in figure 4.12 a). The resulting magnetotransport behavior without any
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high-frequency signal is shown in figure 4.12 b). Note, that other contacts were functional in
this device, but left floating for these measurements. The resistance exhibits oscillations and a
peak at B = 0 T. Although this peak could originate from WL, its wide shape is unusual for
large-area CVD graphene samples with equally inferior electronic quality. A density deduced
from the 1

B
periodicity of the oscillations did not yield meaningful results and the geometry of

the sample is much larger than the estimated cyclotron radius rc = h̄kF/eB = h̄
√
πn/eB.

Figure 4.13.: a) Magnetic field dependence of the two-terminal resistance of the graphene un-
der constant microwave radiation, supplied by the CPW, at various frequencies
(10 GHz to 30 GHz in 2 GHz steps). The background (BG) measurement without
microwaves is also included (dark red). All measurements are vertically shifted
for clarity. b) BG-subtracted resistance ∆Rxx of the ESR measurements in a). No
dispersing resonance peaks can be identified. c) Exemplary CPW transmission
signals (S21) at 18 GHz and 21 GHz as a function of magnetic field. The dashed
lines indicate the expected resonance positions for the α and β resonance. The
transmission shows a minimum that shifts with frequency, reminiscent of ESR.

When the signal generator was connected to the high-frequency lines of the CPW, the mag-
netotransport displayed a significant increase of the noise level. This implies potential issues
of the device circuitry, which were considered in the design of the next generations of these
devices (see section 3.2.1). ESR experiments were conducted by sweeping the magnetic field at
a constant microwave frequency and power applied to the CPW. Resistively-detected ESR mea-
surements at various frequencies ranging from 10 GHz to 30 GHz are displayed in figure 4.13 a).
Although the microwave-induced heating leads to a decrease of the sample resistance, no clear
ESR signal is observed. Subtracting the background measurement to obtain ∆Rxx [figure 4.13
b)], a method used in previous ESR studies,16–18 did not reveal any ESR signal either.

The transmission of the microwaves S21 through the graphene-loaded CPW is detected with
a VNA in parallel to the resistive readout via lock-in amplifiers. For two exemplary frequencies
(18 GHz and 21 GHz), the behavior of S21 is shown in figure 4.13 c). The dashed lines indicate
the expected magnetic field positions of the α and β resonance. For both measurements, a
minimum is detected in close proximity to the expected position of the β resonance. This
minimum shifts with frequency, as expected for the Zeeman energy. Under the assumption that
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the observed minima are caused by ESR-induced attenuation of microwaves in the sample, it
remains unclear why only the β resonance is detected. Hence, the observed peaks from the
transmission-based readout should be taken with caution. Nevertheless, the presented CPW-
based ESR experiments on large-area graphene serve as a proof-of-concept which should be
repeated with optimized devices in future studies. An optical image of an exemplary device of
the next generation is shown in figure 4.14. Due to time constraints it was not possible to study
these devices within the scope of this work.

Figure 4.14.: Exemplary optical image of a metallic CPW device of the next generation,
equipped with CVD graphene on top. The scale bar is 1 mm.

4.2.2. Microwave Circuits with Exfoliated Graphene

High-frequency microwave radiation can be coupled to exfoliated graphene devices in different
ways. In this thesis, hBN-encapsulated exfoliated graphene heterostructures were combined
with on-chip microwave transmission lines. These waveguides are only partially equipped with
groundplanes, due to space limitations caused by the additional electrical contacts used for
resistive readout. Strictly speaking, the utilized waveguides are thus not coplanar waveguides.
Hence, the term CPW will not be used in this context.

Different approaches in transmission line coupling to the graphene were assessed, as illus-
trated in figure 4.15, a) within close proximity to the graphene or b) directly on top of the
graphene. In order to reduce losses in microwave transmission, these samples are prepared on
insulating high-resistivity (high-res) silicon substrates without a global backgate.

First, results are presented that were obtained on a graphene sample with a waveguide in close
proximity, as shown in figure 4.16 a). Unfortunately, the Hall resistance could not be measured
due to non-functional contacts. Four-terminal (black) and two-terminal (red) magnetotransport
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Figure 4.15.: Schematic drawings of different approaches to couple microwave radiation from
a high-frequency waveguide to an exfoliated graphene device with metallic con-
tacts. Approach where the waveguide is a) in close proximity to the graphene
device and b) on top of the graphene heterostructure.

measurements were conducted, as shown in figure 4.16 b). From the SdH oscillations, the
charge carrier density n can be estimated by

n =
4e

h

(
∆

(
1

B

))−1

=
4e

h

(
1

Bi+1
− 1

Bi

)−1

, (4.4)

with the magnetic field separation of two neighboring SdH oscillations ∆
(

1
B

)
. For this sample,

a value of n ≈ 3× 1011 cm−2 is estimated. Since neither a global nor a local gate was available
in this sample, the charge carrier density could not be controlled electrostatically.

Figure 4.16.: a) Optical image of hBN-encapsulated graphene Hall bar in close proximity to
a high-frequency waveguide. b) Magnetic field dependence of the four-terminal
(black) and two-terminal resistances. The four-terminal configuration exhibits a
pronounced asymmetry. The charge carrier density is estimated from the SdH
oscillations using Eq. 4.4.

For ESR measurements, primarily the two-terminal resistance is evaluated due to the pro-
nounced asymmetry in the four-terminal configuration. The microwave dependence of Rxx at
various frequencies at 18 dBm power is shown in figure 4.17 a). The raw data of this resistance-
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based ESR readout exhibit a significant microwave-induced resistance decrease due to heat-
ing. Additionally, the increased temperature of up to 200 mK evens out the resistance oscilla-
tions. This causes pronounced oscillations in the background-subtracted ∆Rxx, shown in figure
4.17 b), which complicates the identification of potential resonances. The data in figure 4.17 a)
are the averaged values of three individual measurements to enhance the signal-to-noise ratio.
Despite our efforts, no ESR signal can be found at the expected resonance positions, that are
exemplary marked by the dashed lines in figure 4.17 b) for the α resonance.

Figure 4.17.: a) Resistive readout of ESR measurements at mK-temperatures on the hBN-
encapsulated graphene devices with a microwave transmission line in close prox-
imity. Data are the average of three individual resistance curves at multiple ex-
emplary frequencies and the background (BG) without radiation. The resistance
oscillations vanish under microwave irradiation due to heating. b) BG-subtracted
resistance data ∆Rxx from a). The colors correspond to the various frequencies.
The dashed lines indicate the expected magnetic field positions of the α resonance.
c) Transmission-based readout of ESR measurements, showing the magnetic field
dependence of S21. A minimum can be identified in the transmission that shifts
in magnetic field, depending on the applied microwave energy. A linear fit to the
position of this minimum yields g = 2.51± 0.3 with an intercept at 24± 4 µeV.

In addition to the resistance-based readout, the attenuation of the microwave transmission S21

was recorded by a VNA. Similar to the measurements presented in figure 4.13 c), the magnetic
field dependence of S21 on this exfoliated graphene device exhibits a minimum that shifts with
the applied microwave frequency, as shown in figure 4.17 c). A linear fit to the magnetic field
position of this minimum at frequencies ranging from 8 GHz to 18 GHz yields a g factor of
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2.51 ± 0.3 with an intercept at 24 ± 4 µeV. Even under the assumption of a large error, the
resonance is unlikely to intercept the energy axis around zero, which could point towards an
origin in the β resonance. However, these results should be interpreted with caution due to the
large uncertainty and the limited number of data points. The origin of this minimum remains an
open question and could be the result of an unknown artifact in our measurement approach.

Figure 4.18.: a) Optical image of hBN-encapsulated exfoliated few-layer graphene Hall bar
embedded in a hybrid microwave circuit with a waveguide on top. b) Low-
temperature transport behavior showing the longitudinal and Hall resistance, Rxx

(black) and Rxy (red), respectively. c) Resistively-detected ESR measurements at
10 dBm power and various constant microwave frequencies. In addition to the
standard background (BG, black) measurement without radiation, a measurement
at 2.5 GHz serves as on-background (on-BG, purple). d) Resulting ∆Rxx using
the on-BG shown in c). However, no resonance peaks can be identified at the ex-
pected magnetic field positions (indicated by the colored dashed lines for α).

The optical image in figure 4.18 a) shows the second design with the waveguide running
across the graphene. The metallic waveguide can act as a top gate to locally tune the carrier
concentration, however, in this sample it was electrically shorted to a non-functional contact.
The graphene flake in this sample consisted of two to four layers. Using a four-terminal contact
configuration, pronounced SdH oscillations are observed in the longitudinal magnetoresistance
(black), as shown in figure 4.18 b). Around zero field, Rxx reaches values of only a few tens
of Ω, which is unexpectedly low. The slope of Rxy at low fields is used to extract a density of
n ≈ 5.8×1011 cm−2 and a charge carrier mobility of µ ∼ 5×105 cm2/Vs, which is a factor of 5
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to 10 higher than for our typical samples. The sample exhibits high-mobility transport behavior,
which is combined with microwave radiation in the next step to perform ESR experiments.

The magnetotransport properties of this sample without microwave radiation are compared
to measurements under illumination with various frequencies at 10 dBm in figure 4.18 c). Here,
a measurement at 2.5 GHz is included that serves as a new background measurement (on-BG,
purple) to include radiation-induced heating effects and to avoid oscillating artifacts in ∆Rxx.
However, due to the asymmetry ofRxx in the on-BG, a varying offset is introduced to the on-BG-
subtracted ∆Rxx curves in figure 4.18 d). Again, resonance features are absent at the expected
magnetic field positions (indicated by the colored dashed lines for α) despite significant radia-
tive heating of the sample. Other approaches such as frequency-swept ESR experiments have
been conducted, as shown in the appendix in figure A.4. Transmission-based readout measure-
ments which are shown in figure A.4 c) showed similar signs of a shifting resistance minimum
as discussed for the previous sample.

ESR experiments on exfoliated graphene devices have shown to be experimentally challeng-
ing, despite their elevated electronic quality compared to large-area graphene and improved mi-
crowave coupling. Certain impurities in large-area graphene that typically limit the electronic
quality may actually be beneficial for ESR experiments. Especially impurities and defects with
a magnetic moment such as magnetic adatoms or vacancies could promote electron spin ef-
fects in graphene.195, 229 The role of such defects has been discussed as a major contribution
to electron spin dephasing in graphene.195, 199, 229 In our MBE-grown large-area 13C few-layer
graphene samples, a large defect peak in the Raman spectra (see figure 3.5) indicates the pres-
ence of a significant amount of vacancies. This level of vacancies is much larger compared to
our other graphene materials. In the previously discussed ESR experiments on 13C few-layer
graphene (section 4.1), the observed ESR resonance peaks were extremely well pronounced.
In contrast, large-area CVD-grown 12C graphene with a much lower defect peak in the Raman
data, did not show as well developed ESR signals.16, 17 The absence of resonances in exfoliated
graphene devices could also be due to inefficient coupling of the microwaves, despite our ef-
forts to employ novel high-frequency circuits. Following the results of recent experiments on
asymmetric dual-grating gate graphene terahertz field-effect-transistors, it could be beneficial
to fabricate metallic coupling structures to the graphene to achieve reliable ESR detection.139, 215
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Microwave Circuits with Exfoliated 13C Graphene
The design with the waveguide situated on top of graphene was also employed for exfoliated
13C graphene devices, as shown in the optical image in figure 4.19 b). This device consists
of a hBN-encapsulated trilayer 13C graphene Hall bar with metallic Cr/Au contacts. Using a
bias-tee, also a DC voltage for electrostatic gating of the carrier concentration can be applied to
the waveguide, as shown in figure 4.19 a), with the CNP located at Vg ≈−6 V. However, it only
partially covers the sample and gating will be inhomogeneous. The accessible voltage range is
limited to±10 V due to gate leakage. The magnetotransport characteristics for Vg = 6 V, shown
in figure 4.19 c), exhibit oscillatory features. The largest minima at approximately ± 2 T and
± 4 T show little response to varying gate voltage, as shown in figure 4.19 d). The cyclotron
radius rc and SdH oscillations depend on the charge carrier density, which is not affected in
areas far away from the waveguide, such as between contacts.

Resistively-detected ESR and NMR experiments on this device were performed between
Vg = −8 V and +8 V, but resonant features remained absent, as shown in the appendix in
figure A.5.

Figure 4.19.: a) Gate voltage (Vg) dependence of the two-terminal resistance (blue line) and the
leakage current (orange line). b) Optical image of the 13C graphene device with a
waveguide on top, that can also be used as a topgate. c) Resistance as a function of
magnetic field at Vg = 0 V. d) Resistance as a function of magnetic field and gate
voltage. All measurements were performed at 16 mK.

Analogous to experiments MBE-grown few-layer 13C graphene from section 4.1, at small
magnetic fields of ∼ 20 mT two resistance dips appear hysteretically at negative or positive
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Figure 4.20.: a) At ∼ 20 mT two resistance dips appear hysteretically at negative or positive
magnetic fields. The peak amplitude decreases with increasing integration time.
b) Magnetic field up- (thick lines) and down-sweeps (thin lines) showing the peaks
at various gate voltages. c) Detailed gate voltage dependence of the resistance and
d) the differentiated resistance dR at small magnetic fields in up-sweep and e), f)
down-sweep direction, respectively. All measurements were performed at 16 mK.

magnetic fields. Figure 4.20 a) shows that the amplitude of the two peaks depends on the
integration time for each magnetic field data point, which signals a time-dependent origin.

The measurements shown in figure 4.20 b) to f) reveal a significant dependence of the peaks
on the gate voltage, which are most pronounced at the CNP. Note that the zero of our magnetic
field power supply is offset by +3.3 mT, which is not corrected in data presented here. The am-
plitude of the peaks reaches its maximum at low densities around the CNP, where charge carrier
screening, e.g., of nuclear moments, is weak. Hence, this observation is attributed to nuclear
spin effects in the 13C few-layer graphene, which influence charge carrier transport especially
at low densities (as seen for the density dependence of scattering times in section 4.1).19, 193, 194

Figures 4.21 a) and b) show the resistance as a function of time at magnetic fields around the
peak positions to evaluate their time dependence. Only for the magnetic field values of the two
peaks, a resistance relaxation is found. The associated T1 relaxation time can be extracted from
an exponential fit, which yields T1 ∼ 3 s. This behavior is very similar to the one observed in
the previously discussed 13C graphene sample. When this experiment was repeated at multiple
gate voltages, the most pronounced resistance relaxation was found at the CNP (Vg =−6 V).
Density dependent studies of the T1 relaxation time in GaAs show a pronounced dependence on
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the carrier concentration in the quantum Hall regime.230 Here, the T1 time is mostly constant,
with a slightly larger value at the CNP, as shown in the inset in figure 4.21 b).

Figure 4.21.: a) Resistance as a function of time at small magnetic fields around the two peak
positions. b) A time dependent resistance relaxation observed at 21.5 mT (red
line) and 23 mT (blue line) and not for all other magnetic fields (grey lines). The
inset shows the T1 relaxation time extracted from exponential fits at 23 mT for
multiple gate voltages. c) The overall resistance and the peak amplitude decreases
for increasing temperatures up to 500 mK. d) Time dependence of the resistance
at 23 mT for increasing temperatures. Extracted T1 times show a decrease with
increasing temperature. e) Microwave radiation at 5 GHz is applied to the waveg-
uide to induce local heating. The resistance and f) the differentiated resistance dR
show that both peaks vanish at ∼−40 dBm.

According to the Maxwell-Boltzmann distribution, a temperature of∼ 20 mK (kBT ∼ 2 µeV)
results in a non-zero nuclear spin polarization at finite magnetic fields, although the thermal
energy is typically much larger than the energetic difference of nuclear spin states even at 1 T
(13C: ∆E = hγ 1 T∼ 44 neV). Hence, the nuclear spin polarization at 20 mT is still expected
to be very small. Figure 4.21 c) shows the temperature evolution up to 500 mK. The peaks
decrease in height due to the increasing thermal activation which equilibrates the nuclear spin
polarization.20 Similarly, the time dependence for the peak at +23 mT is exhibits a shorter
relaxation time, as shown in figure 4.21 d). For temperatures above 500 mK, where a stable op-
eration of the dilution fridge becomes difficult, radiative local heating was used instead. Here,
a high-frequency signal of 5 GHz is applied via the waveguide as shown in figures 4.21 e) and
f). Although the exact sample temperature can not be determined in this measurement, the ap-
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proximate temperature increase due to this local heating can be estimated from the microwave-
induced resistance decrease. At∼−40 dBm, the resistance reads∼ 16 kΩ, from which a sample
temperature of 1 K to 1.5 K is inferred. The amplitude of both peaks decreases with increasing
power before vanishing at ∼−40 dBm. Note that the peak positions remain fixed within the
given magnetic field resolution and no signs of resonant excitation are observed.

In summary, the gate voltage and temperature dependence of the peaks indicates a nuclear-
spin-based origin. The magnetic field position of the peaks at approximately ± 20 mT is strik-
ingly similar to the estimated nuclear magnetic fields of 13C graphene19, 143 and to the resis-
tance anomalies discussed previously. However, the exact mechanism that causes the peaks
remains unclear and speculative. Both exfoliated and MBE-grown 13C graphene devices con-
sist of few-layer graphene, which potentially leads to interlayer spin-ordering effects.231 In a
different picture, a hyperfine-mediated interaction could affect the resistance similar to the Rud-
erman–Kittel–Kasuya–Yosida (RKKY) interaction, which arises from the coupling of magnetic
moments via conduction electrons.232, 233 Another possible mechanism is based on intrinsic
DNP of the nuclear spins that arises from randomly fluctuating electron spins at small fields and
results in a sizable nuclear magnetic field BN. This process promotes electron spin scattering
that leads to enhanced resistance. The field BN is aligned along the direction of the externally
applied magnetic fieldB. When the external magnetic field switches sign and increases towards
the opposite field direction, the nuclear spins system initially remains polarized in its previous
state. Once the external magnetic field value matches the nuclear magnetic field |B| ≈ |BN|,
the effective magnetic field felt by the conduction electrons is canceled, which can result in a
sudden decrease of spin scattering events. However, additional measurements on other samples
in the future are necessary to understand the effect and to evaluate the possible influence of the
number of graphene layers.

124



4.3 Superconducting Graphene Devices

4.3. Superconducting Graphene Devices

This section presents the experimental results obtained on graphene Josephson junction (GJJ)
systems. The low-temperature characterization of a GJJ-based bolometer device from an exter-
nal collaborator is discussed in the first section. Afterwards, the advancements in the deposition
of superconducting thin film are presented, which are the foundation for superconducting cir-
cuits. Finally, results of in-house fabricated GJJs will be shown and analyzed in detail.

4.3.1. Graphene-based Josephson Junction Microwave Bolometer

Within a collaborative project on dark matter axion research including groups of Prof. Di-
eter Horns (University of Hamburg) and Dr. Kin Chung Fong (Northeastern University and
Raytheon BBN Technologies), a graphene-based JJ bolometer36 was characterized at low tem-
peratures in one of the cryogenic setups in the group of Prof. Robert H. Blick. The device was
developed and fabricated in the Fong group, before it was made available for experiments at
the University of Hamburg. The device consists of a GJJ coupled to a superconducting half-
wavelength microstrip resonator, similar to the bolometer device presented by Lee et al. in
2020 (see section 2.3.1).36 The charge carrier density n in the graphene can be controlled by
a topgate. The chip is mounted inside of a shielding sample box, that is equipped with high-
frequency SMP connectors, as shown in figure 4.22 b). This device was cooled down in a
3He-based cryostat to study the transport properties of the GJJ as part of this thesis. Due to
space limitations, additional measurements under microwave excitation could not be conducted
in the existing cryogenic setup, which will be discussed later.

To characterize the device, the four-terminal resistance R is monitored while sweeping the
topgate voltage Vg, to identify the position of the CNP. The resistance displays a large peak at
0.29 V, as shown in figure 4.22 a). Above this value, the Fermi level is located in the conduc-
tion band resulting in electron conduction (n-doped regime). Below the CNP, the Fermi energy
lies in the valance band (p-doped regime), as indicated by the insets in figure 4.22 a). In the
hole regime, reproducible oscillations of R are observed as a function of Vg. These oscillations
can be attributed to pn-junctions in graphene near the superconducting contacts. Each contact
slightly n-dopes the contact region resulting in a npn-doping distribution across the graphene
when tuned to the hole regime. The pn-junctions at the contact interfaces lead to a small asym-
metry of the resistance values of the electron and hole regime. Furthermore, the interference
of reflected charge carriers between opposing pn-junctions gives rise to Fabry-Pérot (FP) os-
cillations, analogous to an optical FP cavity of light waves between two mirrors. The Fermi
wavelength of electrons in graphene depends on the charge carrier density n and is given by
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Figure 4.22.: a) Resistance across the graphene Josephson junction as a function of gate volt-
age. The graphene is in the electron regime (n-doped) at gate voltages above the
CNP (Vg > 0.29 V) and in the hole regime (p-doped) below the CNP. In this
hole regime, pn-junctions in graphene near the superconducting contacts lead to
FP oscillations in the resistance.30, 234–236 b) Optical image of the graphene-based
JJ bolometer device, which was characterized in electrical transport in this thesis.
The device was fabricated in the group of Dr. Fong at Raytheon BBN Technolo-
gies. c) Differential resistance dV/dI as a function of applied DC bias current
Ibias for three different gate voltages. Although the resistance does not fully ex-
tend to zero, the superconducting state of the GJJ can be identified. Compared to
0 V, the superconducting minimum widens for p- and n-doping (blue and purple,
respectively). d) Detailed gate voltage dependence of the superconducting regime
of the GJJ. All measurements are performed at approximately 320 mK, although
the effective sample temperature could be higher.

λF =
2π

kF
=

2π√
πn

, (4.5)

with the Fermi wavevector kF =
√
πn. By varying the gate voltage, the Fermi wavelength

changes and constructive and destructive interference alternate, depending on the condition
2d = mλF, with the effective junction length d and integer m.234 This leads to the observation
of FP resistance oscillations, which is generally understood as a characteristic of ballistic trans-
port.30, 234–236 From the periodicity of the FP oscillations in figure 4.22 a), an effective junction
length in the range of d = 130 − 230 nm is estimated, as shown in the appendix in figure A.6.
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This value is in good agreement with reported junction lengths.36, 37, 234, 235

In order to assess the critical current Ic of the GJJ, a DC current bias Ibias is applied while
monitoring the differential resistance dV/dI at various gate voltages. At Vg = 0 V, a minimum
in dV/dI is observed around Ibias = 0 µA, with a switching current at ∼ 0.1 µA, as shown in
figure 4.22 c). Although the differential resistance does not fully decrease to zero, the resistance
minimum is a sign of superconducting transport across the junction. As expected for a GJJ, the
critical current is dependent on the applied gate voltage.30 The resistance minimum at zero
bias current widens when the measurement is repeated at higher gate voltages in the electron
(+0.5 V, purple) and hole (−0.5 V, blue) regime, as depicted in figure 4.22 c).

These measurements can also be plotted as a function of DC source-drain voltage VSD, as
shown in the appendix in figure A.6 c). The extracted superconducting energy gap ∆ ≈ 80 µeV
is smaller than the bulk values of common superconducting materials such as Al (∆ = 180 µeV)
or Nb (∆ = 1400 µeV).102, 104 Furthermore, a hysteresis of the switching current depending on
the current sweep direction is typically a signature of underdamped GJJs.30, 36, 37 However, in
our measurement the switching current appears to be symmetric and without any hysteresis and
the superconducting state of the junction does not fully extend to zero resistance. Hence, it is
suspected that the effective sample temperature could be higher than ∼ 320 mK, due to a small
thermal short in the cryogenic setup. Elevated temperatures would weaken superconductivity
in the GJJ and reduce the superconducting gap ∆, which could explain the apparent transport
behavior.

The gate tunability of the superconducting current is shown in more detail in figure 4.22 d),
where the critical current vanishes at the CNP but extends to ∼ 0.2 µA in the electron regime at
Vg = +0.9 V. The superconducting region in the hole regime is not as wide and shows signs of
FP oscillations in Ic. The different magnitudes of Ic for opposite doping regimes are attributed
to the presence of pn-junctions in the hole regime.30, 234, 236

In the following, the magnetic field dependence of the GJJ is evaluated. Tuned to the elec-
tron regime and at high magnetic fields, the resistance across the junction exhibits well pro-
nounced SdH oscillations shown in figure 4.23 a), which is another sign of the high quality of
the graphene. Figure 4.23 b) plots the inverse magnetic field dependence of the SdH oscilla-
tions, from which a low charge carrier density of n ≈ 2.4× 1011 cm−2 is deduced.

The superconducting state of the GJJ is extremely sensitive to an external perpendicular mag-
netic field. Figure 4.23 c) shows the bias current dependence of the differential resistance at
Vg = 1 V under small magnetic fields. The maximum in the critical current Ic at B = 0 mT
(dark red) rapidly vanishes at ∼ 1 mT. However, at slightly higher fields a secondary (∼ 2 mT)
and a third (∼ 3.5 mT) maximum is observed, which we attribute to signatures of a weak Fraun-
hofer pattern. Such a Fraunhofer interference pattern is generally expected in GJJs and arises
from the magnetic flux induced phase difference across the junction.30, 31, 102, 104, 236, 237 Consider-
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Figure 4.23.: a) The resistance of the GJJ exhibits SdH oscillations at high magnetic fields,
while tuned into the electron regime (Vg = 1 V). b) A charge carrier density of
n ≈ 2.4 × 1011 cm−2 is determined from the inverse magnetic field dependence
of the SdH oscillations. c) At small magnetic fields, signatures of a Fraunhofer
pattern are observed.30, 31 The vertical line at +2 mT is an artifact resulting from
stitching of the measurements.

ing that the first minimum of Ic in figure 4.23 c) at 1.5 mT corresponds to one flux quantum φ0,
the effective area of the junction can be estimated as Aeff = φ0/B = 1.38 µm2. Although our
collaborator could not provide classified information on the geometry of the device, this value
is in good agreement with reports by Lee et al. on a similar device.36

The resonance frequency of the superconducting resonator coupled to the GJJ was studied in
a different cryogenic setup. As shown in the appendix (figure A.7), the designated cryogenic
setup for the initial electrical characterization could not accommodate the necessary microwave
components to perform DC readout of the GJJ under high-frequency radiation.36 A compact
dry cryostat in the group of Prof. Horns with a large sample stage and sufficient space for the
high-frequency cables and components was used instead. The cryostat typically operates at 4 K
and can go to 120 mK for short periods of time by adiabatic demagnetization. However, for this
system, DC lines were not available to perform electrical readout of the GJJ. Hence, only the
resonance behavior of the resonator could be studied, as shown in figure 4.24 a). These measure-
ments were carried out in collaboration with Dr. Le Hoang Nguyen and Dr. Marios Maroudas,
who are members of the Horns group. The plot shows the quasi-reflectometry measurement
(S11) on the resonator of the GJJ bolometer device at microwave frequencies around the ex-
pected resonance for various gate voltages at 4 K. At ∼ 8.73 GHz, a significant drop in attenu-
ation is observed for gate voltages close to the previously determined CNP (∼ 0.3 V). A high-
resolution measurement of the region around this peak at 120 mK is shown in figure 4.24 b).
This measurement confirms that the resonance frequency of the device is at ∼ 8.73 GHz.

By taking vertical and horizontal line cuts along different gate voltages in figure 4.24 b), the
resonance peak can be identified even more clearly, as shown in figure 4.24 c). In contrast to
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Figure 4.24.: a) Quasi-reflectometry measurement at 4 K for various gate voltages around the
expected resonance frequency. S11 exhibits a pronounced dip at∼ 8.73 GHz close
to the previously determined CNP. b) High-resolution measurement at 120 mK
of the parameter space indicated by the dashed rectangle in a). c) Line cuts at
different gate voltages confirm the resonance frequency position at ∼ 8.73 GHz.
d) Compared to 8.6 GHz, the reflected microwave signal exhibits a strong response
to the gate voltage at the resonance frequency.

other gate voltages, S11 exhibits a peak at ∼ 8.73 GHz around Vg = 0.37 V. This is illustrated
again in figure 4.24 d), which shows line cuts of the gate voltage dependence of S11 at two differ-
ent frequencies. Compared to 8.6 GHz, a clear gate voltage dependency of the reflected signal is
observed at the resonance frequency. These measurements show that the charge carrier system
of the graphene is tightly connected to the microwave resonator of the device, demonstrating
efficient coupling.

The results obtained by our characterization measurements on this GJJ bolometer demon-
strate the high quality of the device. For high sensitivity few-photon detection,36–38, 238 ob-
servable as supercurrent switching in response to microwave excitation, none of the available
cryostats were adequately equipped.

4.3.2. Superconducting Thin Films

Superconducting thin films acting as electrodes that induce superconductivity via the proximity
effect (see section 2.2) are the foundation of many novel nanostructured quantum devices such
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as graphene Josephson junctions. As discussed in section 3.3.2, these thin films can consist of
different superconducting materials and are prepared via sputtering or electron beam evapora-
tion. In this section, the results on superconducting niobium (Nb) and niobium nitride (NbN)
samples are presented, which are employed due to their high critical temperature Tc and critical
magnetic field Bc compared to superconducting aluminum (Al). Some of our findings were
published in Strenzke et al. J. Appl. Phys. 136, 205301 (2024)49 and are included in the fol-
lowing.

RF sputtering and characterization of Nb thin films
GJJs are fabricated with superconducting thin films by nanostructuring processes that typically
involve EBL. This fabrication process is normally based on poly(methylmethacrylate) (PMMA)
resist, which can be used to pattern the superconducting thin film by material deposition and
lift-off. Our Nb and NbN thin films are deposited by radio frequency (RF) sputtering at room
temperature (see section 3.3.2 for details). This makes the sputtering process generally com-
patible with nanolithography techniques, which is in contrast to other deposition methods such
as plasma-enhanced atomic layer deposition or CVD. In this thesis, the influence of deposition
parameters and nanostructuring methods on the superconducting properties of Nb and NbN thin
films were studied.

First, the results on RF sputtered Nb thin films and the superconducting hybrid graphene
nanodevices are presented. Figure 4.25 illustrates the sputter deposition of a Nb thin film that
is interfaced with graphene in a nanostructuring process involving PMMA resist.49

Figure 4.25.: Illustration of RF sputtering of Nb as part of a nanostructuring process that in-
volves PMMA resist to obtain hybrid 2D material nanodevices. Figure adapted from
Strenzke et al. (2024) under terms of the Creative Commons CC BY license.49
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As discussed in section 3.4.2, the deposited thin films are electrically characterized in a phys-
ical property measurement system (PPMS) from 300 K down to 2 K and up to 9 T using a
standard four-terminal measurement scheme that is schematically depicted in the inset in figure
4.26 a). By taking temperature and magnetic field dependent resistance measurements, Tc and
Bc are determined, as shown exemplary in figure 4.26 a).49

When the thickness of a superconducting film is comparable or less than the coherence length
and the superconducting penetration depth, quantum size effects affect the superconducting
properties because Cooper pairs cannot form effectively in confined dimensions. The thickness
dependence, shown in figure 4.26 b), is a combination of increasing grain sizes that exhibit
properties closer to the bulk value239–242 and of stress and strain effects when niobium thin films
are grown on substrates like silicon.243–245 Most reports on sputtered Nb and NbN films use
200 nm or larger246, 247 to reduce these effects. For our studies, we consider niobium films with
thicknesses larger than 60 nm, which is a common thickness for electrical contacts.36 For the
Nb film with the largest thickness, the Tc of 7.6 K is closest to that of single crystal bulk Nb,
which has a Tc of 9.25 K.241, 242, 248 The deviation from the bulk value could be the result of
residual oxygen content in the sputter chamber, which is known to impact the superconducting
properties of sputtered Nb films.49, 183

Figure 4.26.: a) Exemplary measurement of the sheet resistance as a function of temperature
to determine the critical temperature Tc of a 73 nm thick niobium thin film. The
inset in shows a schematic of the four-terminal measurement. b) For fixed sputter
parameters (200 W and 6.5 mTorr Ar pressure), the dependence of the Tc of the
Nb thin films on the layer thickness is displayed. The green shaded area marks
our desired thickness range. Figure adapted from Strenzke et al. (2024) under terms of the
Creative Commons CC BY license.49

For Nb thin films, the two most important growth parameters are the plasma power P and
the argon (Ar) pressure. Figure 4.27 a) gives an overview of the power dependence. Here, each
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data point represents the best result obtained for a fixed P but within a parameter range for the
layer thickness (60 nm to 100 nm) and Ar pressure (3.4 mTorr to 6.6 mTorr). For our system, we
observed a complex interdependence of the growth parameters, which requires a readjustment
of Ar pressure to obtain optimized Nb films. Lower argon pressures (3.4 mTorr to 4.3 mTorr)
are required for a lower power to achieve good Nb thin films. Additionally, the quality and
reproducibility of most deposition techniques, including sputter-deposition of superconducting
Nb, are also significantly influenced by the chamber’s condition and growth history, which will
be discussed in detail later.49

Figure 4.27.: a) Power dependence of a) Tc, b) R300K
R15K

and c) R300K
R77K

for thin films between 60 nm
and 100 nm thickness. Best results were obtained for a power of 200 W (at
6.5 mTorr Ar pressure). Figure adapted from Strenzke et al. (2024) under terms of the Cre-
ative Commons CC BY license.49

The increase of the RF power in figure 4.27 results in a steady rise of the critical temperature,
indicating a continuous improvement in film quality. The cleanest Nb thin films and thus highest
Tc is achieved at 200 W, followed by a slight decrease at higher powers. The power dependence
can be understood via the growth kinetics: at ambient temperature, adatom mobility is rather
low and their binding affinity is comparably high, which generally promotes island growth.249

Increasing the kinetic energy of the sputtered particles leads to more uniform films as it allows
for a redistribution of adsorbed atoms, thus effectively reducing the likelihood of island growth.
At very high powers, however, detrimental effects such as re-sputtering and amorphization250, 251

begin to deteriorate the quality of the films.49
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The room temperature resistance R300K of the sputtered films is dominated by electron-
phonon scattering, while the resistance at low temperatures above Tc is dominated by impu-
rity scattering that affect the superconducting properties. The residual resistance ratio (RRR),
defined as R300K

R15K
and shown in figure 4.27 b), is commonly used and provides a standardized

method to compare different films.248, 252 While bulk Nb can have a RRR above 2000, Nb films
often display a lower RRR < 10.241, 242, 248 Figure 4.27 a) demonstrates that RRR shares a similar
dependence on power with the Tc, indicating that R300K

R15K
can indeed serve as a quality figure of

merit for the thin superconducting films. However, the experimental determination of this ratio
requires a cryogenic system, offering no real advantage over directly determining Tc. While pre-
vious studies on the effect of residual oxygen on Nb films observed a clear dependence between
Tc and R300K,183, 242 we found that for our study of RF power dependence, R300K alone is not
a reliable quality indicator, which could result from other effects beyond residual oxygen such
as grain size. However, its ratio with R77K is already sufficient to evaluate the superconduct-
ing properties, as shown by figure 4.27 c).252 Hence, in scientific environments where access
to liquid helium or cryogenic systems is limited, characterizing the resistance simply in liquid
nitrogen at 77 K can already screen suitable thin films. Nevertheless, the following sections will
focus on the more commonly used Tc, in particular in the context of nanostructured devices.49

Nanostructured graphene devices with superconducting Nb electrodes
With optimized growth parameters, multiple GJJ devices were fabricated with Nb electrodes

using RF sputtering (see section 3.3.2). An exemplary GJJ sample is depicted in figure 4.28 a),
where an array of different JJ lengths is presented. This particular device represents the typical
behavior of most fabricated GJJs based on Nb. The Nb sputter deposition on this sample was
carried out with 200 W and 6.5 mTorr Ar pressure that have shown good results (Tc > 6 K) for
the same film thickness of 80 nm. The sample was cooled down to ∼ 260 mK in a cryogenic
3He system.

Now the behavior of the Nb-graphene-Nb junction marked by the white box in figure 4.28 a)
is addressed. First, the superconducting properties of the Nb electrodes are assessed alone by
measuring only the two terminal resistance along the split contact lines, as illustrated in figure
4.28 b). Note that the other side of the junction and all other contacts were left floating to
prevent current flow across the GJJ. The electrical properties of the Nb thin film are probed by
setting a DC bias current Ibias and monitoring the resulting DC voltage Vfilm. Since the critical
current Ic is significantly larger than 10 µA, a perpendicular magnetic fieldB can be applied to
lower Ic. For magnetic field values ranging from 0.9 T to 1.4 T, current-voltage characteristics
are shown in figure 4.28 c). The constant slope results from the background resistance of the
two-terminal configuration. However, the Nb film exhibits a critical current Ic that decreases for
larger magnetic fields. Additional measurements of the differential resistance dV/dI are shown
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Figure 4.28.: a) Optical image of a nanostructured graphene device with multiple sputtered Nb
electrodes to form GJJs of different lengths. b) Schematic circuit that is used to
assess the superconducting properties of an individual Nb contact. In this con-
figuration, no current is passed across the graphene junction. c) Current-voltage
characteristics of the nanostructured Nb contact at various magnetic fields. d) Dif-
ferential resistance dV/dI as a function of bias current Ibias for a similar magnetic
field range. The critical magnetic field Bc of the Nb contacts appears to be close
to 1.5 T. All measurements are performed at 260 mK.

in figure 4.28 d) with Ic indicated by the boundaries of the darker region of low resistance. At
Bc ∼ 1.5 T Ic becomes vanishingly small. This value is in good agreement to PPMS electrical
characterization measurements that were performed on a reference sample, which was deposited
in the same sputter run. Note that such reference samples were not coated with PMMA, nor
nanostructured in any way. The Nb thin film of the reference sample displayed a Tc ∼ 3.6 K
and a Bc ∼ 1.5 T. This Tc is significantly lower than anticipated from previous deposition runs
without PMMA-coated samples. Possible reasons for this observation will be discussed later.

The electrical resistance RJJ = VJJ/I across the same GJJ was studied in a four-terminal con-
figuration, as shown schematically in figure 4.29 a). RJJ(B) across the junction and the contact
resistance Rfilm(B) can be measured simultaneously. Note that Rfilm was measured on a contact
that was not connected to the graphene. Figure 4.29 b) shows that the Nb contact (green solid
line) indeed has a Bc ∼ 1.5 T and is superconducting at lower fields. The ∼ 500 Ω background
resistance originate from the two-terminal configuration. However, RJJ that is measured across
the junction (black solid line) exhibits no signs of superconductivity. Instead, oscillations are
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Figure 4.29.: a) Schematic drawing of the four-terminal measurement configuration to RJJ

across the Nb-graphene-Nb junction. b) Comparison of RJJ (black) and the Nb
contact (two-terminal) resistance Rfilm (green). The contact exhibits a supercon-
ducting transition at ∼ 1.5 T while RJJ is extremely high and displays no signs of
superconductivity. c) The differential resistance dV/dI across the junction rapidly
decreases when a DC current bias is applied. d) Small variations but no qualitative
changes are observed in dV/dI as a function of Vg.

observed which are symmetric in B and could result from universal conductance fluctuations.
Additionally, the four-terminal RJJ displays an extremely high resistance of > 100 kΩ. When a
small DC current bias is applied to the sample, the differential resistance decreases to a level of
∼ 30 kΩ, as shown in figure 4.29 c) and d). This zero-bias peak in dV/dI is not expected for
a GJJ. It rather reflects the behavior of a normal tunnel junction, which indicates poor contact
transparency although the Nb contacts are superconducting.

Unfortunately, a poor contact transparency is observed for most graphene devices with sput-
tered Nb contacts, despite a fully developed superconductivity in the material itself and
Tc � 260 mK. Hence, we suspect the niobium-graphene interface to be the main reason be-
hind the poor transmission across the graphene junction and the absence of a superconducting
proximity effect.

Challenges and solutions in RF sputtering of superconducting Nb nanostructures

In order to identify possible reasons for the poor contact performance of the Nb electrodes,
the sputter conditions were examined in more detail. With the standard parameters (200 W
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RF power and 6.5 mTorr Argon), a critical temperature of approximately 6 K is consistently
obtained for large lateral thin films, which are now defined as pristine. However, also a sig-
nificantly lower Tc is encountered for samples that were sputtered with the same parameters as
shown in figure 4.30 a). The deterioration of the superconducting properties can be attributed
to the lithographic process and the history of the chamber. In figure 4.30, the superconducting
properties and the resistive behavior of pristine samples are compared to reference samples.49

Figure 4.30.: a) Best Tc for the same set of deposition parameters and at lowest base pressures
pbase for frequent sputtering (orange, multiple times per day to daily), less frequent
sputtering (red, daily to several times per week), intermittent sputtering (purple,
weekly or less) and reference samples that experienced contamination by PMMA
resist (open circles). b) Film resistances as a function of temperature for different
magnetic fields from 0 T to 1.5 T for a pristine Nb thin film compared to a film
prepared together with PMMA resist-coated substrates. c) Measurement of the
upper critical field at 2 K for the samples used in b). Figure adapted from Strenzke et
al. (2024) under terms of the Creative Commons CC BY license.49

The degradation of material quality due to contamination and impurities is a well-known
problem in materials science. A significant sensitivity of Nb to impurities240 from PMMA resist
during sputtering is observed that dramatically impacts the critical temperature. The material
quality also depends on the history of the chamber and growth frequency. Despite a cleaning
and conditioning procedure described in section 3.3.2 prior to deposition to remove oxides and
most other contaminants from the target surface, figure 4.30 a) illustrates a clear dependence on
the frequency of deposition. Best and most consistent results are generally obtained at frequent
depositions. Less frequent and intermittent depositions yield significantly lower critical temper-
atures. As discussed earlier, the niobium films are also very sensitive to residual oxygen levels
in the sputter chamber.183 We thus suspect that frequent deposition keeps the target conditioned,
with minimal oxidation, leading to more consistent results and higher film quality. For less fre-
quent and intermittent depositions, the conducted initial cleaning procedure is not sufficient
to yield ideal starting conditions. Our results highlight the importance of a well-conditioned
chamber. Conditioning protocols prior to sputter deposition can significantly reduce run-to-run
variations.184, 185 Heating of the sample stage, which is often included in such conditioning pro-
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tocols,185 as well as the application of a sample bias voltage to reduce oxygen content in the Nb
films183 is not available in our experiments.49

Increasing the growth frequency can indeed enhance and restore the superconducting prop-
erties. However, addressing issues associated with lithographic processes, that are required for
nanostructured graphene devices for example, are much more challenging. When the results of
the pristine sputter depositions are compared to that of PMMA reference samples, we find that
those samples always show inferior properties, independent of the growth frequency. Note, that
the reference samples, referred to as PMMA, were neither coated with PMMA, nor nanostruc-
tured in any way. The PMMA-labeled samples are niobium films on clean silicon substrates
that were sputtered together with other PMMA-coated substrates that constitute a contamina-
tion source.49

In figure 4.30 b) the critical temperatures for a pristine (thin dashed lines) and a PMMA
sample (thick solid lines) are determined at different magnetic fields. The two blue traces
representing 0 T show a significant decrease of approximately 30 % in Tc from 5.5 K (pristine)
to roughly 3.8 K for PMMA. While the PMMA resist retains its integrity during the sputter
deposition and can be easily removed in a lift-off process, outgassing of PMMA or an interaction
of Nb species having high kinetic energies in the plasma with the PMMA, leads to an enhanced
incorporation of impurities in the superconducting thin film. The impurities not only decrease
Tc but also significantly affect the sensitivity to magnetic fields, as shown in figure 4.30 b)
and c). At a constant temperature of 2 K, a significantly higher upper critical field is observed
for the pristine sample compared to the PMMA sample. The underlying physical details are
complex and will not be discussed here. However, the different magnetic field dependencies
in figure 4.30 are consistent with previous reports and relate to impurity scattering that affects
the Cooper pair formation and the interplay of flux pinning at defects under external magnetic
fields.49, 253, 254

To mitigate the degradation of Nb thin film quality, different nanostructuring approaches
are evaluated in figure 4.31 a) by comparing the averaged critical temperatures Tc,avg and film
stress, determined from an ensemble of samples. On average, a pronounced drop of almost
40 % is observed in the Tc,avg between a pristine sample and sputter processes involving PMMA
resist, displayed as blue and red data points, respectively. However, Tc,avg significantly increases
when the PMMA resist is hard-baked (PMMA+HB) previous to the Nb deposition (orange data
point). This suggests that resist outgassing is responsible for the degradation as additional
baking reduces the amount of solvent residues and hardens the resist. We could not observe any
further improvement of the superconducting properties when using alternative EBL resists such
as CSAR 62 that are advertised as resilient against higher temperatures and plasma processes.49

An alternative nanostructuring method that avoids polymer-based resist and contamination
introduced during the sputter deposition process is based on a thick layer of aluminum
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Figure 4.31.: a) Influence of the nanofabrication method on the average critical temperature
(closed circles) and the estimated stress from XRD measurements (open circles).
b) XRD results of Nb thin films deposited under different conditions. The curves
are vertically shifted for clarity. c), d) Topographic 5× 5 µm2 AFM images of
sputtered niobium thin films. c) pristine Nb film with a RMS roughness of
0.644 nm d) PMMA sample with a roughness of 0.491 nm. We interpret the larger
surface roughness of the pristine film as a higher level of crystallinity. RMS val-
ues for the surface roughness are determined by using the open-source software
Gwyddion. Figure adapted from Strenzke et al. (2024) under terms of the Creative Commons
CC BY license.49

(∼ 800 nm) as described in section 3.3.2. The resulting critical temperature (green data point) is
closer to that of pristine Nb thin films. Hence, Al presents a promising alternative to polymer-
based masks to obtain RF-sputtered nanostructures. Due to the novelty and the complex wet
etching behavior resulting from natural oxide formation on the Al surface, this method requires
further process optimization tailored to the specific feature sizes and application to achieve high-
precision lithography results. This was not possible in the time scope of this thesis. However,
from first preliminary results on Nb-structures obtained by the unoptimized Al-mask approach,
a lateral resolution of < 350 nm is deduced. The edge shape roughness of these structures was
twice as rough compared to structures patterned by PMMA resist. The thin film quality can
also be assessed through X-ray diffraction (XRD) scans, which are plotted in figure 4.31 b).
The continuous decrease of the XRD peak amplitude for the Nb (110) direction from pristine
to PMMA suggests a reduction of the film crystallinity. This is accompanied by a shift of the
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Sample Tc,avg (K) d (Å) σ (GPa)
pristine 5.84± 0.2 3.33 1.33
PMMA 3.58± 0.26 3.38 3.35

PMMA+HB 4.21± 0.02 3.37 2.88
Al-mask 5.12± 1.06 3.36 2.38

Table 4.1.: Evaluation of different nanostructuring approaches: Averaged Tc,avg, estimated lat-
tice constant d and stress σ based on X-ray diffraction patterns of niobium thin films.
The error in figure 4.31 a) and table 4.1 represents the range of obtained Tc values. For the Al-mask
approach, one of the measured samples exhibited greater divergence, leading to an increased error.

peak towards lower diffraction angles which indicates a change in the lattice constant d. With
the calculated lattice constant, it is possible estimate the strain ε and stress σ of the niobium thin
films by using

ε = (d− d0)/d0 (4.6)

and σ = −Eε/2ν, (4.7)

with the lattice constant of stress-free bulk niobium d0 ≈ 3.3 Å, the Young’s modulus E =

104.9 GPa and Poisson ratio ν = 0.397 of niobium.255 From these equations, values for d and σ
are estimated and compared with the averaged Tc,avg values for the different nanostructuring ap-
proaches in table 4.1. We observe that even the pristine thin films with the best superconducting
properties exhibit tensile stress. Although the stress in sputtered niobium films can be adjusted
by modifying the Ar pressure,256 our setup does not maintain stable plasma in that Ar pressure
range. The decrease in critical temperature for PMMA samples in figure 4.31 a) is in agreement
with a significant increase in stress due to a larger lattice constant. This effect is reduced for the
PMMA+HB and Al-mask samples. The enhanced tensile stress is a clear indicator of reduced
thin film quality, caused by multiple factors, with contamination from PMMA resist as a dom-
inant one. However, a more detailed and precise analysis of the local surface deformation and
stress distribution in niobium is complex and also requires chambers with enhanced vacuum
conditions and a larger Ar pressure range.

Achieving high-quality superconducting Nb thin films through sputter deposition can be chal-
lenging, especially when incorporated into larger nanostructuring schemes for two-dimensional
materials. However, our findings demonstrate that advanced growth and characterization facili-
ties are not required to obtain films with good superconducting properties. The provided guide-
lines are transferable to other superconducting materials and 2D material systems to construct
hybrid superconducting devices. Unfortunately, the Al-mask approach was developed towards
the end of this thesis and could not be employed to prepare Nb-GJJs due to time constraints.
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In addition to pure Nb, NbN thin films were deposited by reactive RF sputtering in a N2/Ar
atmosphere with different gas mixture ratios (see section 3.3.2). These films have a significantly
higher Tc compared to pure Nb samples and exhibit very high critical magnetic fields. In fact,
the Bc is too high to be probed by the available magnetic fields (max. 10 T) in our cryogenic
systems. This is in agreement with reported values, where the upper critical field of NbN films
is estimated to reach up to 30 T.247 The perpendicular magnetic field dependence of the Tc of
an exemplary NbN thin film (150 W, ∼ 20 % N2/Ar, 85 nm film thickness) is shown in figure
4.32 a). This sample exhibits a Tc ≈ 12.5 K at 0 T, which decreases to ∼ 9.5 K at 8 T. Such a
strong resilience to perpendicular magnetic fields would allow probing of quantum Hall states
with superconducting electrodes.186

Figure 4.32.: a) The superconducting transition of an exemplary NbN thin film (150 W, ∼ 20 %
N2/Ar, 85 nm film thickness) decreases from Tc ≈ 12.5 K at 0 T to ∼ 9.5 K at 8 T
of the perpendicular external magnetic field. The inset shows the XRD pattern
of a different NbN film that exhibits the δ-NbN (111) and (200) peaks. b) Film
thickness corrected critical temperature Tc/t as a function of N2/Ar gas mixture
ratio for different values of RF sputter power. The optimal N2/Ar ratio shifts
towards higher ratios with increasing RF power.

An exemplary XRD pattern of a NbN film that exhibits the NbN (111) and (200) peaks that
correspond to the superconducting δ-NbN phase is depicted in the inset in figure 4.32 a).247, 257, 258

The superconducting properties of our sputtered NbN thin films are very sensitive to the applied
RF power and N2/Ar gas mixture ratio. Their interdependence is shown in figure 4.32 b), which
compares the obtained Tc per film thickness t for different growth conditions. Since many differ-
ent film thicknesses are compared, the value Tc/t is used to normalize the thickness dependent
effects. The optimal N2/Ar ratio shifts with the RF power due to the increasing sputtering rate of
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Nb at a fixed N2 partial pressure. By increasing the sputtering rate of Nb, more of the available
nitrogen is incorporated, which can be used to tune the Nb/N2 ratio and consequently the nitro-
gen content in the thin film.259 Further increasing the RF power above a certain threshold leads
to the formation of Nb2N. This Nb2N phase is non-superconducting and leads to a decrease in
critical temperature.257, 258, 260, 261

Although NbN films have been prepared with record Tc ∼ 14 − 16 K,257, 258, 260, 261 our thin
films with Tc ∼ 12 − 13 K are highly competitive and suitable for the use in superconducting
circuits in research, considering they were not grown in a high-end deposition system. Fur-
thermore, the detailed investigation of the superconducting properties of NbN thin films on the
interdependence of RF power and N2/Ar ratio presents new insights on the RF sputter process
of these films.

The quality of our Nb and NbN thin films is expected to be improved by optimizing the vac-
uum level, to reduce the amount of residual oxygen183 and by adding a temperature controlled
sample stage that allows either cooling or heating of the samples. Due to the RF sputter deposi-
tion at ambient temperatures, a relatively high RF power is required to improve the crystallinity
and consequently the superconducting properties of our films.257, 258, 261 However, reducing the
RF power could be beneficial to obtain a well developed interface to sensitive 2D materials and
preserve the integrity of resist.

Figure 4.33.: Optical images of two exemplary graphene devices with superconducting NbN
electrodes. a) Device with three NbN-graphene SQUID loops. b) Graphene device
equipped with five JJs and a resistively-coupled waveguide.

GJJs have also been fabricated with NbN contacts, as shown in figure 4.33. Analogous
to GJJs based on Nb (as discussed earlier), the contacts were intransparent for a wide range
of sputter parameters. Either the graphene interface suffers from damage induced by a high
deposition rate or a lack of adhesion. A reduction of deposition rate did not directly result in
major improvements. However, it is possible that our depositions were not performed below a
certain threshold rate, necessary for reducing damage to the graphene sheet.

Typically, a thin adhesive layer of titanium (Ti) is utilized to facilitate contact of the supercon-
ducting material to the graphene, which massively enhances contact transparency.186, 236, 262 Our
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simple sputtering setup can not be equipped with a secondary material source such as Ti, which
is a major disadvantage compared to most other deposition systems for superconductors. We
suspect the missing adhesion Ti-layer to be the key element that puts a stop to the functionality
of our Nb and NbN junctions.

4.3.3. Characterization of Graphene Josephson Junctions

Device A
Due to the low contact transparency of our sputter-deposited Nb and NbN graphene junctions,
we explored the usage of aluminum-based electrodes. As described in detail in section 3.3.2,
a trilayer of Ti/Al/Ti is deposited by PVD. Here, the bottom Ti-layer serves as an adhesion
layer while the top Ti-layer protects the Al from oxidation. Device A consists of a few JJs on
the same graphene flake, covered by a top hBN, all situated on a silicon wafer with a p-doped
global backgate, as shown in the inset in figure 4.34 a). The white box marks the junction
which is used in the following measurements in a dilution refrigerator. This junction has a
width W = 5 µm and length L = 650 µm.

Figure 4.34.: a) Differential resistance dV/dI of device A with superconducting aluminum con-
tacts as a function of applied DC bias current Ibias. The resistance minimum
around zero bias indicates a superconducting state in the junction with a critical
current Ic ∼ 0.4 µA. The inset shows an optical image of the graphene device with
multiple Ti/Al/Ti electrodes with different junction lengths. The white box marks
the junction used for the presented measurements. b) Probing the gate voltage
dependence reveals a weak tunability of Ic. The resistance oscillations probably
stem from charge transfer effects from neighboring (floating) junctions.

In four-terminal current-biased measurements shown in figure 4.34 a), a minimum differen-
tial resistance is observed around zero bias, indicative of a superconducting state with a critical
current of ∼ 0.4 µA. The resistance does not drop to zero and instead maintains a value of
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1.2 kΩ. We attribute this to imperfections at the graphene-superconductor interface which lead
to a reduced contact transparency. Nevertheless, the observed behavior demonstrates a signifi-
cant enhancement in contact quality compared to the Nb and NbN junctions.

The gate voltage dependence of Ic is studied in figure 4.34 b). Coming from a high positive
gate voltage towards negative voltage values, a decrease in Ic is accompanied by an overall
increase in resistance. The gate tunability of Ic provides evidence that the supercurrent is carried
by the graphene. The gate dependence indicates a position of the CNP close to−40 V, which is a
sign of strong n-doping. Since this graphene stack was fabricated without a bottom hBN flake,
the graphene is directly in contact with the silicon surface and exposed to impurities, which
leads to doping effects. The observed gate voltage dependent oscillations are reproducible
but without any apparent periodicity. FP oscillations are unlikely as the graphene is in the
electron regime and diffusive transport is expected for this device. We suspect charge transfer
effects from the unused (floating) neighboring junctions to result in the observed resistance
oscillations. Unfortunately, strong gate leakage at ∼ −50 V resulted in lasting changes to the
sample properties.

Figure 4.35.: a) to f) Differential resistance of device A at small magnetic fields and different
gate voltages. A Fraunhofer pattern is not observed.

In order to probe for a Fraunhofer pattern,29, 30, 104 small perpendicular magnetic fields were
applied at different backgate voltages, as shown in figure 4.35. Here, the change from low
(−15 V) to high (+30 V) electron densities is expected to influence the junction behavior. How-
ever, in this range of magnetic field, no periodic oscillations of Ic, i.e., Fraunhofer pattern, is

143



4.3.3 Characterization of Graphene Josephson Junctions

observed. Instead, diagonal features appear more pronounced towards higher electron densities.
Since these diagonal lines are also present above Ic, they are attributed to changes in the resis-
tive background which are potentially connected to the gate leakage. The visible abrupt vertical
lines in some of the measurements are most likely also caused by the leaking gate. To avoid
these artifacts in subsequent measurements, the gate voltage is kept at 0 V from then on.

Figure 4.36.: Differential resistance dV/dI as a function of bias current Ibias and microwave
power P at a fixed frequency of 5 GHz and 0 V gate voltage.

Figure 4.36 plots the differential resistance dV/dI as a function of bias current Ibias and
microwave power P at a fixed frequency of 5 GHz. Here, the microwave radiation is employed
to probe the AC Josephson effect in graphene-based JJs, which typically results in quantized
voltages steps also referred to as Shapiro steps.29, 263, 264

The microwave radiation is applied to the sample via a loop antenna near the sample. How-
ever, clear signatures of Shapiro steps could neither be observed at 5 GHz, nor at other frequen-
cies, shown in the appendix in figure A.8. The vanishing of the superconducting state at zero
bias around 0 dBm is accompanied by diverging features of lower resistance, which is reminis-
cent of blurred Shapiro steps reported in literature.29, 263, 264 While the junction itself is probably
not sufficiently transparent, the increasing microwave power causes a significant rise in sample
temperature, preventing the observation of well-developed Shapiro steps.

Device B
Device B was fabricated from separate islands of hBN-encapsulated graphene, thereby avoid-
ing the previously described resistance oscillations during gating for device A. The inset in
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figure 4.37 b) depicts an optical image of device B with the measured junction (W = 4.4 µm and
L= 450 µm) highlighted by the white box. The magnetic field dependence of the aluminum
contact material for devices A and B is compared in figure 4.37 a) and b).

Figure 4.37.: Comparison of the magnetic field response of the resistance across the Al-
graphene junctionRJJ (black solid line) and the Al contact material (two-terminal)
resistance RAl (green solid line) for a) device A and b) device B. The inset in b)
shows an optical image of device B, with the junction marked by a white box. c)
The current-bias dependence of the junction in device B does not show signs of
the proximity effect. Instead, dV/dI exhibits a maximum at zero bias, representa-
tive of low contact transparency.

Interestingly, for the aluminum contact materials in both devices a double transition is ob-
served in RAl (green solid line) that is extremely pronounced for device B. The magnetic field
values for the inner and outer transitions are approximately ±5 mT and ±40 mT (±10 mT and
±100 mT) for device A (device B). The critical magnetic field for aluminum is typically found
at ∼ 10 mT.102 However, much larger critical magnetic fields have been found for granular alu-
minum thin films that are partially oxidized by depositing aluminum in very diluted oxygen
atmosphere.265–268 In the used PVD system, a pressure of ∼ 10−7 mbar could lead to similar
partial oxidation effects that increase the effective Bc of our aluminum thin films, depending
on the deposition conditions. This explains the variations in Bc between device A and B and
the two different transitions, corresponding to pure aluminum (inner transition) and partially
oxidized aluminum (outer transition). Although the electrodes in both devices consist of a
Ti/Al/Ti trilayer, contributions from potentially superconducting titanium are improbable since
aluminum will be the dominant layer due to the ∼ 10 times larger film thickness.

Also, the behavior of the resistance of the junctionRJJ (black solid line) is qualitatively differ-
ent. Both devices exhibit pronounced oscillations in a magnetic field, however, aroundB ≈ 0 T,
where pure Al is expected to be superconducting, RJJ of device A has a small minimum and
RJJ of device B a small peak. In addition, the bias-current dependence of the differential resis-
tance in device B, shown in figure 4.37 c), does not show the proximity effect, despite a 200 nm
shorter junction length compared to device A. Instead, dV/dI exhibits a maximum at zero bias,
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representative of low contact transparency. Although this is in contrast to the behavior of de-
vice A, it is in agreement to the pronounced outer magnetic field transition of the Al-film in
device B, which is attributed to a higher degree of partial oxidation. Thus, inferior deposition
conditions, i.e., higher oxygen content, are most likely responsible for reduced contact junction
transparency in device B.

Figure 4.38.: a) Detailed measurement of dV/dI of device B as a function of magnetic field
and bias current at 14 mK. The outer superconducting transition of the Al-film is
observed at ±0.1 T. b) d2V/dI2 is obtained by taking the derivative of the data in
a), which resolves diamond structures that are suppressed at larger magnetic fields.

The dependence of dV/dI on magnetic field and bias current are assessed for device B, as
shown in figure 4.38 a). The outer transition of the Al electrodes at ±0.1 T is visible as an
overall increase of the resistance. At lower magnetic fields however, fine structures can be
identified. The calculated derivative of this measurement is presented in figure 4.38 b), which
eliminates the large resistance variations due to the superconducting transition of the electrodes
and resolves the fine structures more clearly.

Two interleaving diamond-shaped structures are observed that depend on Ibias and B. These
structures are suppressed at larger magnetic fields and vanish around the outer Bc of the Al.
While one diamond-feature closes at ±0.1 T, the closing of the second diamond-feature can be
extrapolated to approximately ±0.2 T. The diamonds cross at ±0.8 T and diverge towards large
bias currents aroundB ≈ 0 T.

The diamond-structures appear to be related to the junction’s superconducting state, which
is surprising given the expected low transparency of the contacts and the bias current depen-
dence at zero magnetic field. Before discussing possible origins of the diamond-features, their
response to different gate voltages and temperatures is assessed.

In figure 4.39 a) the junction resistance RJJ is plotted as a function of backgate voltage Vg,
with the large peak at ∼ −18 V representing the CNP. The CNP is also clearly visible in the
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Figure 4.39.: a) Junction resistance RJJ of device B as a function of backgate voltage Vg. The
CNP is located at∼ −18 V. b) Gate voltage and bias current dependence of the dif-
ferential resistance. The resistance peak at zero bias persists over the entire range
of gate voltages. c) - f) Evolution of the diamond-shaped features at c) −30 V, d)
−25 V, e) +3 V and f) +20 V. All measurements were performed at 14 mK.

differential resistance under current bias shown in figure 4.39 b). However, a resistance peak at
zero bias appears over the entire range of carrier density.

Also, the diamond-shaped features are consistently and reproducibly observed for various
gate voltages in the electron and hole regime, as shown in figures 4.39 c) to f). Strikingly, the
position and shape of the diamonds in B and Ibias remains unaffected by the gate voltage. A
significant gate voltage dependence is only observed for the resistance inside the diamonds, that
can be attributed to the conductivity of the graphene. This is in agreement with a measurement
directly at the CNP, shown in the appendix in figure A.9, where the diamond-features can not
be resolved due to the large resistance of the graphene.

The temperature-dependence of this phenomenon was studied at various temperatures rang-
ing from 14 mK to 470 mK. Results at four exemplary temperatures are presented in figure 4.40,
which compares the measured dV/dI with the derived d2V/dI2. A significant decrease ofBc of
the Al with increasing temperature is observed, which is analyzed quantitatively in the appendix
(see figure A.10). From our analysis, we estimate the Tc of the Al electrodes to range between
550 mK and 650 mK. The induced superconducting gap can be inferred from these values via
∆ind = 1.76 kBTc = 83 µeV and 97 µeV, respectively, which is much smaller than ∆ ≈ 180 µeV
in bulk Al.102, 269, 270 As the superconducting magnetic field range narrows upon increasing the
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Figure 4.40.: Magnetic field and bias current dependence of the measured dV/dI a) to d) and the
derived d2V/dI2 e) to h) for varios temperatures. All measurements are performed
at Vg = −25 V. TheBc of the Al electrodes decreases with increasing temperature,
which is analyzed in more detail in A.10.

temperature, the diamond-shaped features are squeezed together.

Measurements at larger bias currents, shown in the appendix in figure A.11, were performed
to follow the evolution of the diamonds. However, the signal intensity of the features vanishes in
the increasing noise towards higher bias. Furthermore, reducing the AC current modulation to
0.4 nA, also shown in figure A.11, does not yield sharper features. An open terminated coaxial
cable in close proximity to the sample was utilized to apply microwave radiation to device B.
However, measurements at different gate voltages and frequencies, shown in the appendix in
figure A.12, did not reveal any additional insights on the origin of the diamond-features.

In summary, the observed diamond-shaped resistance features are based on transport through
graphene that is tightly connected to superconductivity of the Al electrodes but in first approx-
imation independent of the applied gate voltage. Given the high resistance of ∼ 10 kΩ and
the absence of a Fraunhofer pattern or zero resistance around zero bias current, the aluminum-
graphene junction transparency is low. In addition to the generally large resistance, the CNP
position at −18 V is a sign of significant n-doping, which probably has contributions from the
edge contact fabrication and other impurities. Hence, we do not expect charge carrier transport
to be ballistic in this device. For diffusive transport, the coherence length ξ in GJJs is calculated
by including the mean free path lmfp, which we estimate to be around 100 nm. Considering
the superconducting gap of aluminum to be ∆ ≈ 180 µeV, we find ξ to be comparable to the
junction length, i.e., ξ ≈ L ≈ 450 µm. The smaller induced superconducting gap value of
∆ind = 83 µeV from above results in an even larger value for ξ. Since ξ is in the order of the
junction length, coherent superconducting transport is generally possible.
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As mentioned before, the observed diamond-features are not related to a Fraunhofer pattern,
which is also expected at lower magnetic field values.29, 30 Sufficiently strong Landau quanti-
zation is expected to develop at much larger magnetic fields and signatures of SdH or quantum
Hall effects are not observed, possibly due to disorder in the sample. Another effect that is
closely connected to the disorder in graphene is weak localization (WL).190 An increase in re-
sistance atB = 0 T as a result of WL has been observed before in GJJs with Ti/Al electrodes.29

However, figure 4.37 b) shows an WL-atypical behavior of the resistance. The observed resis-
tance peaks at various magnetic field values rather depend on Ibias. Nevertheless, it is possible
that the observed resistance features are related to diffusive scattering mechanisms, including
contributions from WL.

A previous study on other graphene junctions with imperfect contacts reported a conductance
peak at zero bias.271 This effect was explained by reflectionless tunneling in the junction, that
is promoted by diffusive transport.271 The transmission of a tunnel barrier between a super-
conductor and a normal conductor is enhanced due to diffusive scattering on impurities in the
normal conductor.272–274 Although this effect should be observed as a dip (not a peak) in resis-
tance at zero bias, the general scattering mechanism could boost superconducting transport in
our device. The same report attributed high resistance peaks to self-induced Shapiro steps.271

We can not fully exclude such effects, however, this seems very unlikely given the observed
junction behavior and the sample enclosure, which is not likely to support standing waves.

As explained in section 2.2, multiple Andreev reflections (MARs) can occur in a GJJ resulting
in a series of peaks and dips in the resistance at source-drain bias voltages of V = 2∆/en with
n = 1, 2, 3...,112, 113, 275 depending on the transparency of the junction.269 Exact determination of
the energy scales requires a voltage-bias measurement technique, which could not be performed
due to the large resistance of the GJJ. However, the appearance of MARs is unlikely due to their
high sensitivity to the contact transparency, which is low for device B.

Our observations are most consistent with Tomasch and McMillan-Rowell
oscillations.276–279 Although these two phenomena are rarely investigated in graphene-based
systems, a recent study by Huang et al. discovered very similar magnetic field dependent
diamond-features in Al-proximitized graphene devices.280 Tomasch oscillations arise in SNS
JJs from quasiparticle interference inside the superconductor, in particular, when the electron-
and hole-like quasiparticles are strongly confined and forced to interfere with their Andreev-
reflected counterpart from the NS interface.281 This interference effect results in periodic oscil-
lations that occur at bias voltages given by

Vm = ±

√
∆2 +

(
mhvS

F

2dS

)2

, (4.8)
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with integer m, the superconductor Fermi velocity vS
F and the superconductor thickness dS.

Conversely, McMillan-Rowell oscillations also result from quasiparticle interference, but in
the normal region of the SNS junction, i.e., the graphene in this case. Analogous to Tomasch
oscillations, Andreev-reflected quasiparticles from the NS interface interfere with their coun-
terpart. In a normal material, however, an electron and hole can not interfere directly and the
reflected quasiparticle has to undergo another Andreev reflection first at the opposite NS inter-
face before interfering.281 As a consequence, this interference process requires phase coherence
between the reflection events. McMillan-Rowell resonances occur at bias voltages of

Vm = V0 +
mhvN

F

4LN
, (4.9)

with integer m and the Fermi velocity vN
F and length LN of the normal region. Unfortunately,

for device B, we can not extract the energetic spacing of the diamonds and thus it is not possible
to determine the exact effect with certainty. However, based on their appearance and com-
pared to previous studies,280 the observed diamond-features are most likely due to Tomasch and
McMillan-Rowell oscillations. In device B, these effects occur on an uncommonly large mag-
netic field scale, in contrast to other studies that do not observe this double transition of the Al
electrodes.

Device C
The superconducting electrodes to separate hBN-encapsulated graphene islands of device C
consist again of a Ti/Al/Ti trilayer. However, the Ti-adhesion layer is slightly thicker (8 nm in-
stead of 6 nm for device B) to better understand the influence of the interface. Due to fabrication
on a high-res Si substrate, no p-Si backgate is available. An optical image in the inset of figure
4.41 d) shows device C, which exhibits three independent functional junctions, labeled by JJ1 to
JJ3. The fourth junction is not operational, probably due to misalignment to the graphene flake
(marked by the white dashed lines). The three operational junctions are fabricated with different
lengths L and varying widths W due to the shape of the graphene flake. Finite regions of pure
hBN without encapsulated graphene exist in between the electrodes, which do not contribute to
transport and can be neglected. The geometrical parameters are L = 350 nm, W = 4.2 µm for
JJ1, L = 400 nm, W = 7 µm for JJ2 and L = 450 nm, W = 4.5 µm for JJ3.

The response of the three junctions to a bias-current, large magnetic fields and electric field
is shown in figure 4.41. The differential resistance dV/dI was characterized in detail for JJ1
to JJ3 for bias currents up to 1 µA, as depicted in figures 4.41 a) to c). All three operational
junctions exhibit very similar behavior and show signs of the proximity effect, as signaled by
the resistance response around zero bias. The dV/dI does not approach zero but the overall
resistance is in the order of ∼ 1 kΩ and thus much lower compared to device B.
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Figure 4.41.: Differential resistance dV/dI as a function of bias current for a) JJ3, b) JJ2 and
c) JJ1 of device C. All three operational junctions exhibit signs of the proximity
effect. d) Response of the resistance in JJ3 to large magnetic fields up to 5 T.
The critical magnetic field of the junction is observed at small fields, before a
continuous rise of the magnetoresistance is accompanied by small oscillations.
e) Dependence of the observed peaks in JJ3 to the gate voltage (applied via the
metallization layer of the chip carrier).

The resistance peaks at approximately ±0.4 µA signal the critical current of the junctions Ic.
Typically, the transparency of GJJs can be examined by calculating IcRN, with the normal state
resistance of the junction RN.31, 187, 282, 283 However, while the respective values of Ic = 0.33 µA,
0.35 µA and 0.38 µA for JJ1, JJ2 and JJ3 are comparable to other Al-graphene junctions,187 their
RN is far higher. Even for larger bias currents, as presented in figure A.13 in the appendix, the
resistance does not decrease significantly. Note that no additional peaks or other features are
present at such large bias currents. The large values of RN = 1210 Ω, 1010 Ω and 910 Ω at
Ibias = 1 µA for JJ1, JJ2 and JJ3, respectively, result in large IcRN > 300 µV. This ratio can be
put into perspective by normalization to the bulk superconducting gap of Al ∆ ≈ 180 µeV.102, 269

This yields eIcRN/∆ ≈ 2.2, 2 and 1.9 for JJ1, JJ2 and JJ3, which is 5 to 10 times higher than
the values reported for other GJJs.31, 187, 282, 283 We attribute this anomaly to the unusually high
RN of our junctions, which most likely results from poor transparency that complicates a direct
comparison of IcRN to literature values.

The response of JJ3 from device C to large magnetic fields is shown in figure 4.41 d), which
represents the behavior of the other two junctions as well. After exceeding the Bc of Al at very
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small magnetic fields, the resistance is almost featureless and increases approximately parabolic
with magnetic field. This behavior indicates diffusive transport due to disorder.

Although device C has no backgate (such as p-Si) an electric field/voltage was applied via the
metallization layer of the chip carrier, as shown in figure 4.41 e). Fluctuations of the resistance
are visible but due to the small capacitance no significant gate voltage dependence could be
induced.

The coherence length ξ can be estimated for our junctions under the assumption of diffusive
transport by ξ =

√
h̄D/∆, with the diffusion constant D = vFlmfp/2.111 Since it is not possible

to effectively tune the charge carrier density in device C, we can not accurately determine lmfp

and thus assume typical values between 10 nm and 100 nm, resulting in ξ ≈ 130 nm and 430 nm,
respectively. Thus, as explained in section 2.2, we estimate our junctions to be in the diffusive,
"dirty" and short to intermediate regime, due to the long coherence length of Al.

Figure 4.42.: Magnetic field and bias current dependence of the measured dV/dI a) to c) and
the derived d2V/dI2 d) to f) for the three operational junctions in device C.

Compared to device B, the Al-film of the electrodes in device C only shows one supercon-
ducting transition under a perpendicular magnetic field at around ±20 mT. Hence, we focus
on this range for detailed measurements of the bias current dependence. Figure 4.42 com-
pares these measurements on JJ1, JJ2 and JJ3. Their individual behaviors are strikingly similar.
Again, diamond-shaped resistance features can be observed. We find that the zero of our mag-
netic field power supply is offset by +3.3 mT, which is not corrected in our data. JJ1 exhibits
resistance instabilities that result in artifacts such as regions with different contrast in figure
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4.41 a). In the center of the inner diamond in JJ1, multiple periodic lobes of low resistance are
visible, reminiscent of a Fraunhofer pattern. This observation would indicate coherent super-
conducting transport across the junction. Considering that the first superconducting lobe ends
at∼ 1 mT away from the "real" zero and corresponds to one flux quantum φ0, the effective area
of the junction can be estimated as Aeff = φ0/B ≈ 2 µm2. This is in good agreement with the
geometrical size of the junction Ageo ≈ 1.5 µm2, considering possible flux focusing effects of
the superconducting electrodes. However, an additional measurement of this region with higher
resolution does not confirm the Fraunhofer pattern, as shown in the appendix in figure A.13. It
remains unclear whether the observed pattern originates from flux quantization or from artifacts
due to the magnetic field resolution of the original measurement.

For all junctions, two pronounced diamond-shaped resistance features can be identified par-
ticularly well in the derived d2V/dI2. In addition, a broad oval structure is visible in the back-
ground as well as diverging fringes that evolve towards larger Ibias.

JJ3 exhibits the most pronounced resistance variations and will be discussed in detail. The
different features observed in the d2V/dI2 map of JJ3, shown separately in figure 4.43 a), are
illustrated by a schematic color-coded contour in figure 4.43 b).

Figure 4.43.: Exemplary results obtained on JJ3 of device C in a) the derived d2V/dI2 map. b)
Qualitative color-coded contour of the different features. c) Differential resistance
dV/dI of JJ3 as a function of DC voltage VSD across the junction atB = 0 T. The
dashed lines indicate the peak positions of the inner (orange) and the outer (blue)
diamond.

Despite some qualitative differences, the observed diamond-shaped resistance behavior is
reminiscent of those effects that were observed in device B. Hence, we consider Tomasch and
McMillan-Rowell oscillations in our interpretation.

The oval-shaped structure in the background (green oval in figure 4.43 b)) can be attributed
to the magnetic field dependence of superconducting gap ∆. A similar effect has been observed
in Al-based semiconductor nanowire JJs and is expected from theory following284
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∆(B) = ∆

√
1−

(
B

Bc

)2

. (4.10)

Two pronounced diamond-shaped features (colored in orange and blue) appear as peaks in
dV/dI as a function of DC source-drain voltage VSD. This DC voltage was measured across the
junction allowing us to extract the involved energies.

According to MAR, peaks are expected for V = 2∆ind/en with n = 1, 2... corresponding to
the number of Andreev reflections. If the inner peak (orange) at around ±400 µV is interpreted
as the first order MAR or as the critical current Ic, the calculated proximity-induced gap of
∆ind ≈ 200 µeV would be in good agreement with expected values for Al of 100−200 µeV.102, 104

However, the outer peak at approximately±800 µV appears above the superconducting gap and
can not be attributed to MARs. The inferred superconducting gap with ∆ind ≈ 400 µeV would
be twice as high as reported for bulk Al102, 104 whereas other Al-devices typically exhibit lower
∆ind than the bulk gap ∆.187, 269, 270 To evaluate the distinct features in more detail, measurements
were performed at various temperatures.

Figure 4.44 compares the temperature-dependence of JJ3 to that of the Al-film in the elec-
trodes. A significant decrease of the critical magnetic field Bc of the Al-film is observed when
the temperature is increased from 10 mK in figure 4.44 d) to 345 mK in figure 4.44 e). The
diamond structures and fringes in the d2V/dI2 map in figure 4.44 a) vanish exactly at the Bc

of the Al-film at 10 mK, only the oval background structure persists up to slightly higher fields.
A comparison of the d2V/dI2 maps at 10 mK and 345 mK with the resistance response of the
Al-film demonstrates that the different features originate from proximity-induced superconduc-
tivity. Similar to the temperature dependence in device B, the features in device C are squeezed
into a smaller magnetic field range as the temperature increases. Figure 4.44 b) shows that both
peaks in dV/dI atB = 0 T move towards lower bias currents for increasing temperatures, rem-
iniscent of the temperature dependence of the superconducting gap ∆. A quantitative analysis
of this temperature dependence is given in figure 4.45.

The temperature evolution of both peaks is fitted with the BCS relation for the temperature
dependence of the superconducting gap102, 270, 285

∆(T ) =
2∆0

n
tanh

(
1.74

√
T

Tc
− 1

)
, (4.11)

with ∆0 the superconducting gap at T = 0 K and a prefactor that is modified to account for
possible MAR processes. The inner peak is well described by a fit (orange solid line) that yields
Tc = 424 mK and ∆0 = 185 µeV, which is in good agreement with the expected value for Al.
Strikingly, the outer peak vanishes at a higher temperature, with the fit (blue solid line) yielding
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Figure 4.44.: a) Derived d2V/dI2 map of JJ3 at 10 mK. b) Evolution of the peaks in dV/dI
at B = 0 T, indicated by the line cut in a), for increasing temperatures ranging
from 10 (purple) to 500 mK (red). c) Derived d2V/dI2 map of JJ3 at 345 mK. d)
Resistance data acquired on the Al-film at the non-operational junction show the
critical magnetic field Bc of the electrodes at 10 mK and e) 345 mK.

Tc = 594 mK and ∆0 = 428 µeV. Note that the large ∆0 does not match values expected for Ti
or Al. Typically, various peaks that originate from superconductivity such as MARs converge
on the same Tc value.270, 285 While we acknowledge that more data points may infer Tc and ∆0

of the peaks more reliably, this unusual behavior is supported by our results obtained by power
dependent microwave measurements shown in figure A.15 in the appendix.

The temperature evolution of the outer peak (blue data) can be interpreted in the context
of McMillan-Rowell oscillations. As explained for device B, resistance oscillations can arise
due to Andreev-reflected quasiparticle interference in the normal conductor in a SNS junc-
tion.278, 279, 281 Although we expect them to follow the temperature dependence of the supercon-
ducting gap, a slightly increased Tc could result from their origin in the normal conductor of a
SNS junction. As McMillan-Rowell oscillations require two Andreev reflections (or more) to
occur, it could explain the large ∆0 = 428 µeV of the outer peak, which is approximately twice
the size of the inner peak or 4∆ of Al.
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Figure 4.45.: Analysis of the VSD peak position of the inner (orange triangles) and the outer peak
(blue triangles) as a function of temperature, extracted from the measurements
shown in figure 4.44 b). The negative and positive VSD values are represented by
the left and right pointing direction of the triangles. The data points are fitted
using Eq. 4.11.

McMillan-Rowell oscillations occur at bias voltages of

Vm = V0 +
mhvN

F

4LN
, (4.12)

with integer m and the Fermi velocity vN
F and length LN of the normal region.281 Based on

a recent study by Huang et al.,280 it is possible that quasiparticle interference effects in the
superconductor of the SNS junctions results in Tomasch oscillations. As explained for device
B, these oscillations occur at bias voltages of

Vm = ±

√
∆2 +

(
mhvS

F

2dS

)2

, (4.13)

with integer m, the superconductor Fermi velocity vS
F and the superconductor thickness dS.281

We estimate for both McMillan-Rowell and Tomasch oscillations Vm ∼ 2 mV, using 106 m/s as
Fermi velocity and the given length scales of device C.

For comparison, the periodicity of the oscillations is also assessed towards higher bias (red
fringes in figure 4.43 b)). Figure 4.46 a) shows the magnetic field dependence of JJ3 in dV/dI
as a function of DC bias source-drain voltage VSD. Four exemplary line cuts at various magnetic
fields are used to extract the VSD value of the peaks in figure 4.46 b). The voltage difference
between the peaks ∆VSD ranges between 0.1 mV and 0.2 mV.
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Figure 4.46.: a) Magnetic field dependence of the dV/dI of JJ3 as a function of DC bias source-
drain voltage VSD. b) Line cuts at four exemplary magnetic fields as indicated by
the colored lines are plotted in a). For most magnetic fields only three peaks can
be resolved sufficiently to determine the voltage values of the oscillation peaks. c)
VSD position of the peaks in a) at negative (positive) values plotted as left pointing
(right pointing) triangles as a function of oscillation index m. The linear fit is
used to extract the voltage period. Note that only for −8.5 mT five oscillation
peaks could be resolved sufficiently.

The average voltage difference ∆Vavg can be determined from a linear fit to the VSD posi-
tion of the peaks, as shown in figure 4.46 c). For the four exemplary data sets, the extracted
∆Vavg values are in good agreement and range in between 0.14 mV and 0.16 mV. These value
are approximately one order of magnitude smaller than estimated for McMillan-Rowell and
Tomasch oscillations. Although the Fermi velocity can be slightly larger than 106 m/s in some
superconductors, this can not explain the apparent mismatch.

The magnetic field dependence of the oscillation peaks is analyzed in figure A.16 in the
appendix. The magnetic field distance between peaks ranges between 1 mT and 2 mT, which
corresponds to µBB ≈ 0.1 µeV.

Based on previous reports280, 286 and given that our sample exhibits low contact transparency
and diffusive transport, Tomasch and McMillan-Rowell oscillations are a reasonable explana-
tion for the additional outer diamond-feature and the diverging fringes. However, our estima-
tions are one order of magnitude off from the obtained energetic peak spacing. Indeed, the
energetic position of the outer peak at 4∆ could also result from two-quasiparticle or multiple
Cooper pair tunneling processes.277, 278 However, in the absence of additional energy sources
such as microwave radiation, such processes are typically less likely.

In summary, this section provided an overview of the experimental results obtained from
three superconducting aluminum-based graphene junction samples. These devices exhibit clear
signs of proximity-induced superconductivity, which is attributed to an optimized interface pro-
vided by the Ti adhesion layer. This improvement enabled systematic studies of the GJJ de-
vices as a function of bias current, gate voltage, magnetic field, temperature and microwave
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radiation. While device A showed signatures of a gate tunable Ic and blurred Shapiro steps,
these effects were absent in device B. The magnetic field and bias current dependence of de-
vice B exhibited diamond-shaped features on a magnetic field scale larger than that typically
expected for superconducting aluminum, whereas Device C exhibited similar effects in three
junctions on a smaller magnetic field scale. A detailed analysis suggests that these phenom-
ena most likely originate from above-gap interference effects, such as Tomasch and McMillan-
Rowell oscillations.

High-frequency circuits for the integration of graphene Josephson junctions
This section presents a short overview of preliminary results that were obtained on high-frequency
circuits, which are designed for the integration of graphene Josephson junctions. The design
and fabrication of these circuits is described in detail in section 3.3.1. Here, only the results of
unloaded resonators without a GJJ are presented.

Figure 4.47.: Two designs of superconducting Nb microstrip λ/2 resonators with a) plate capac-
itor and b) finger capacitor coupling architecture. c) Reflectometry measurement
(S11) of the resonator design 1 for different number of wire bonds. d) Compar-
ison of resonator design 1 (black line) with four different resonators of design 2
(colored lines). e) Comparison of the spectra of the same resonator (design 1)
mounted to its initial PCB (black line) and to a different sample box (orange line),
used for measurements at low temperatures. All measurements were performed at
room temperature.

Figures 4.47 a) and b) show two designs of superconducting Nb microstrip λ/2 resonators.
Reflectometry measurements (S11) at room temperature are possible since the Nb thin films
have a resistance of only a few Ω. The influence of the number of wire bonds was studied for
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the resonator with design 1, as shown in figure 4.47 c). The amplitude of the resonance peak at
∼ 6.5 GHz increases with the number of wire bonds. Hence, three wire bonds were consistently
used for all measurements. Since the setups and the design are not optimized for high-frequency
measurements and a high quality factor QL, the resonance peak reaches only QL ∼ 160.

In figure 4.47 d), the resonator design 1 (black line) is compared to four other resonators of
design 2 (colored lines). The resonance peak of all resonators aligns around the same value, but
is most pronounced for design 1. Hence, the resonator of design 1 was chosen for further mea-
surements at low temperatures and mounted into a (shielded) sample holder box for cryogenic
measurements. Figure 4.47 e) compares the spectra of the same resonator in the previous PCB
(black line) and in the sample box (orange line). The previously observed peak at ∼ 6.3 GHz
is absent in the spectrum of the resonator in the sample box, which exhibits more noise and a
peak at ∼ 8 GHz instead. The setup that is not optimized for high-frequency experiments and
variations in the grounding that affect the electromagnetic field distribution and radiation loss
can lead to signal degradation and a shift of the resonance frequency.

Figure 4.48.: a) Reflectometry spectrum of the resonator with design 1 as a function of time
while cooling to mK-temperatures. The moment of transition from the warm state
(> 3 K) to the cold state (∼ 300 mK) of the cryostat is clearly visible. b) Compar-
ison of spectra at warm (red line) and cold (blue line) state, taken at the solid red
and blue lines in a). c) Measurements of a second cooldown with higher resolu-
tion around the resonance frequency of∼ 8 GHz, as indicated by the black dashed
rectangle b). Spectra at warm (red line) and cold (blue line) state are compared.

Measurements at low temperatures were performed in collaboration with Dr. Marios Maroudas
in the compact dry cryostat, shown in figure A.7), in the group of Prof. Horns. The cryostat typ-
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ically operates at 4 K, but reaches temperatures of a few hundred mK for short periods of time
by adiabatic demagnetization. However, the mounted resonator is subjected to strong magnetic
fields and elevated temperatures that quench the superconductivity of Nb (here Tc∼ 3.7 K) be-
fore reaching mK-temperatures. Hence, upon cooling to mK-temperatures a significant change
of the resonator spectrum is expected. The spectrum of the resonator from 1 GHz to 10 GHz
during the cooldown is shown in figure 4.48 a). When the temperature decreases to approxi-
mately 300 mK, the spectrum changes dramatically and a dip in the reflected S11 signal appears
at ∼ 8 GHz, which corresponds to the expected resonance frequency f0. The change of the
spectrum is illustrated by comparing line cuts taken at elevated temperatures (warm, red) and
mK-temperatures (cold, blue), as indicated by the solid lines in figure 4.48 a). Both spectra
in figure 4.48 b) exhibit similar peaks that are attributed to parasitic resonances, except for the
peak at ∼ 8 GHz, which is significantly more pronounced in the cold state. Two spectra of a
second cooldown with a higher resolution around the resonance frequency are compared in fig-
ure 4.48 c). The resonance peak slightly shifts and appears much more narrow upon cooling to
∼ 300 mK, which is consistent with a superconducting transition in the resonator that results in
an increased kinetic inductance.287, 288

These preliminary measurements illustrate the behavior of the fabricated superconducting Nb
microstrip λ/2 resonators. The first characterization at room temperature and low temperatures
shows promising results. However, for the integration of GJJs into high-frequency circuits,
setups and groundings need to be optimized to prevent signal degradation and minimize losses.
The results presented in this chapter highlight the significant advances made during this thesis
towards combining GJJs and high-frequency circuits. A successful integration of graphene
devices into superconducting microwave circuits seems within reach.
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4.4. Terahertz Detection in Graphene-based

Photodetector Devices

A substantial amount of work in this thesis was invested in the development of THz-detectors,
based on asymmetric dual-grating gate graphene terahertz field-effect-transistors
(ADGG GTeraFETs). Although this topic was intended as a sideproject, significant advance-
ments and finally successful THz-detection could be achieved. The complex analysis of the
observed THz-signal is beyond the scope of this project in this thesis. Thus, this section only
summarizes the most important advancements on such GTeraFET devices in our group and
presents successful THz-measurements that serve as a proof of concept.

4.4.1. Terahertz Detectors based on Large-Area Graphene

The development of ADGG GTeraFETs in our group started with devices based on large-area
CVD graphene, as discussed in section 3.1.3. An exemplary device is shown in figure 4.49 a).
In this device, large-area CVD graphene is encapsulated by two hBN flakes. Metallic Cr/Au
electrodes serve as source (S) and drain (D) contacts and two interdigitated finger gates (TG1

and TG2) form the asymmetric dual-grating gate structure.

Figure 4.49.: a) Optical image of an ADGG THz detector of the first generation of devices
based on CVD graphene encapsulated by hBN flakes. This device is equipped
with two source (S) and drain (D) contacts on each side and two interdigitated
topgates (TG1 and TG2). b) Two-terminal resistance (blue line) and THz-induced
photocurrent Iph (red line) of the device in a) at 40 K as a function of topgate
voltage.

Since the p-Si backgate was not functional due to a short to one of the contacts, only the
topgates could be used to locally tune the charge carrier density of the graphene. Unfortunately,
the topgates exhibit a leakage current as well, which limits the voltage range from−1 V to +7 V.
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Figure 4.49 b) plots the two-terminal resistance (blue line) as a function of top gate voltage
Vtg at 40 K. The resistance peak at ∼ 0.8 V is interpreted as the CNP of the graphene. This
signals a very low p-doping level, which is typically much higher for our large-area graphene
devices.19, 137 These devices are generally fabricated on silicon substrates and are thus exposed
to the environmental conditions such as moisture, which leads to significant p-doping.16, 23 Thus,
the low doping level in this device can be attributed to the hBN encapsulation that protects the
graphene.

Additionally, figure 4.49 b) shows an exemplary THz-detection measurement of the induced
photocurrent Iph (red line) at 40 K and 300 GHz with a power of 5 dBm. Note that these mea-
surements were performed without globally biasing the graphene by a backgate. From previ-
ous studies on ADGG GTeraFET devices, we expect a significant change of Iph close to the
CNP.40, 124, 133 However, only a very small and constant background of ∼ 3 pA is observed.

Various attempts to observe a sizable photocurrent in this and similar large-area graphene de-
vices did not succeed. Although there are reports for CVD-graphene-based THz
detection,43, 128, 289 plasmonic THz-rectification mechanisms depend on the charge carrier mobil-
ity µ in the graphene. Hence, we suspect that the device quality was still insufficient to generate
a significant photocurrent. Furthermore, the device fabrication with large-area graphene is even
more complex and has a lower device yield compared to that of exfoliated graphene devices.
All following GTeraFETs were exclusively prepared from exfoliated graphene.

4.4.2. Terahertz Detectors based on Exfoliated Graphene

Detector A
Detector A consists of a hBN encapsulated exfoliated trilayer graphene flake on a silicon sub-
strate with a p-Si backgate and is equipped with two finger gates (TG1 and TG2) and two source
and drain contacts. The inset in figure 4.50 b) shows an optical image of detector A. The global

backgate and the two local topgates are utilized to tune the charge carrier density. The topgates
can either be used simultaneously or independently of each other, as shown in the schematic in
figure 4.50 a). For the electrical transport characterization presented in figure 4.50 a small AC
bias current of 2 nA is imposed. As explained in section 3.4.1, the photodetection experiments
are conducted without using a source-drain bias.

A backgate voltage sweep shown in figure 4.50 b) indicates minuscule doping of the graphene
with the CNP located at ∼ 0 V. Unfortunately, the backgate voltage Vbg is limited to this small
range due to an increasing backgate leakage current Ibg (orange line).

Both topgates are fully functional without any electrical shorts, allowing to locally tune the
charge carrier density as shown in figure 4.50 c). Here, the resistance (blue line) is plotted as
a function of topgate voltage Vtg, which reveals a (local) CNP at ∼ −0.25 V. Note that both
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Figure 4.50.: a) Schematic representation of THz-detection measurements with a ADGG
GTeraFET. The two topgates are connected either in parallel or independently,
as indicated by the dashed lines. b) Two-terminal resistance (blue line) and simul-
taneously recorded leakage current Ibg (orange solid line) as a function of backgate
voltage Vbg of detector A. The global CNP appears at ∼ 0 V. An optical image of
this exfoliated graphene device is depicted in the inset. c) The measurement of the
resistance (blue line) as a function of topgate voltage Vtg reveals the (local) CNP
at −0.25 V. The two topgates are utilized in parallel here. The resistance is fitted
separately with Eq. 4.14 for the electron (green line) and hole (red line) side. d)
Map of the resistance as a function of both Vbg and Vtg. The CNP is shifted by the
backgate in respect to the topgate voltage. e) Map of the resistance as a function
of the two individual topgate voltages Vtg1 and Vtg2.

topgates are used in parallel in this measurement. The resistance is fitted separately for the
electron (green line) and hole (red line) side using

R = Rc +Rch = Rc +
1

enµ
(4.14)

with the contact resistance Rc and the channel resistance of the graphene Rch. This equation
combines Eq. 2.7 and Eq. 2.6 to determine the residual charge carrier density n∗ and the
mobility µ as fit parameters in addition to Rc.57, 58, 60 The fits yield a combined n∗ ≈ 2.4 ×
1011 cm−2, µ ≈ 2700 cm2/Vs and Rc ≈ 5 kΩ. Aside from the moderately low mobility, these
values match well to our expectations.

In figure 4.50 d), the influence of the global backgate on the effect of the local topgates is
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presented. As the graphene channel is n-doped by Vbg, the CNP is shifted in respect to Vtg which
requires higher negative voltages to compensate the influence of the backgate.

The two topgates can be controlled independently, as depicted in figure 4.50 e). This mea-
surement shows the resistance as a function of both topgate voltages Vtg1 and Vtg2. A cross shape
is observed with the center at the CNP. This characterization is necessary to identify the ideal
resonance conditions for the THz-detection measurements.

Figure 4.51.: a) Exemplary measurement of the sub-THz radiation-induced photocurrent Iph at
153 GHz and power P = −5 dBm as a function of topgate voltage. A photosignal
of up to 23 pA is detected. Iph switches sign at the CNP, as the charge carrier type
changes. b) Frequency dependence of Iph for three different topgate voltages, as
indicated by the arrows in a). A maximum signal is observed around 153 GHz.
c) Detailed measurement of Iph as a function of Vtg and frequency f . The dashed
line indicates the position at 153 GHz of the exemplary measurement in a). d)
Analogous to the shift of the CNP, tuning the backgate voltage results in a shift in
Vtg of the photoresponse. All measurements were performed at 38 K.

An exemplary measurement under sub-THz illumination at ∼ 40 K and a frequency of
153 GHz is shown in figure 4.51 a). A clear photoresponse of up to 23 pA of the graphene
detector is observed. As expected, Iph switches sign at the CNP when the charge carrier type
changes from holes to electrons. For this and the following measurements a nominal power of
−5 dBm is set at the frequency generator and source module that emits the radiation. However,
the detector is subjected to a significantly lower effective power because the beam is not focused
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and has to pass through 1 cm of atmosphere and the optical window. By assuming −5 dBm, we
overestimate the incident power at the detector, which results in a general underestimation of
the sensitivity of our detectors.

The photoresponse curve is point symmetric and does not decay to zero at higher gate volt-
ages, as observed in other studies.40, 124 Instead, Iph saturates at a constant level of ∼ ±20 pA.
In order to evaluate its frequency-dependence, measurements were performed at three constant
topgate voltages (as indicated by the arrows in figure 4.51 a)). The resulting Iph exhibits a max-
imum around∼ 153 GHz, as shown in figure 4.51 b). Several other peaks with lower amplitude
are present across the entire frequency range from 140 GHz to 160 GHz. The polarity of the
peaks switches when the charge carrier type is changed by the topgate voltage. A detailed mea-
surement of Iph a function of frequency and Vtg is shown in figure 4.51 c). We interpret the
most pronounced signal around∼ 153 GHz as a signature of resonant (plasmonic) photocurrent
excitation. The dashed line indicates the position of the measurement depicted in figure 4.51 a).
The response of Iph at 153 GHz to a change of the global charge carrier density is presented in
figure 4.51 d). Analogous to the shift of the CNP in the transport measurement in figure 4.50 d),
the sign change of Iph is shifted by Vbg towards higher negative topgate voltage. This is evidence
that the signal originates from rectification mechanisms in the graphene layer.39, 40, 124, 130

As explained in section 2.3.2, multiple different THz-rectification mechanisms can coexist in
ADGG GTeraFETs that could explain the obtained photoresponse. Before giving a brief inter-
pretation of the observed THz-signal and an estimation of the achieved sensitivity, the results
of a second device (detector B) will be presented.

Detector B
Detector B consists of a hBN encapsulated exfoliated few-layer graphene flake (four to five
layers). An optical image of detector B is presented in the inset of figure 4.52 a), showing
the electric contacts and the two separate topgates TG1 and TG2. In contrast to detector A,
the p-Si backgate of detector B is fully functional and allows to tune the global charge carrier
density across a wide range, as depicted in figure 4.52 a). At 38 K, the global CNP is located
at −0.8 V, indicating a very low doping level. The topgate sweeps in figure exhibit a local
CNP at Vtg = −0.08 V at Vbg = 0 V, that can be shifted by the applied backgate voltage. By
fitting the resistance around the CNP as a function of Vtg, a combined charge carrier mobility
µ of 14100 cm2/Vs (µe of 10800 cm2/Vs, µh of 17400 cm2/Vs) with a very low residual charge
carrier density n∗ ≈ 4.5×1010 cm−2 is determined, which signals a clean graphene device with
good electronic quality. The contact resistance is extracted as Rc ≈ 8.8 kΩ for the hole and
Rc ≈ 0.7 kΩ for the electron side. This pronounced asymmetry is attributed to n-doping near
the 1D-contacts which increases the resistance for hole carriers.39, 130 The fits to the resistance
are shown in figure A.17 in the appendix.
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Figure 4.52.: a) The backgate sweep of detector B reveals at global CNP at Vbg = −0.8 V. The
inset shows an optical image of detector B. b) Dependence of the two-terminal
resistance on the topgate voltage Vtg for three different backgate voltages. c) Re-
sistance as a function of Vbg and Vtg. Four different regions pn, nn, pp and np can
be identified, that correspond to the charge carrier type induced by the backgate
and topgates, respectively. d) Advanced tunability of the resistance when the two
topgates are controlled independently. Four regions are observed that correspond
to the formation of pn-junctions in the graphene. All measurements were per-
formed at 38 K.

A detailed map of the backgate and topgate dependence of the two-terminal resistance is
depicted in figure 4.52 c). The global CNP branches out into two arms, reflecting the den-
sity shifts induced by Vtg and Vbg. Tuning the global backgate and the local topgates induces
multiple pn-junctions in the graphene channel. Four characteristic regions pn, nn, pp and np
can be identified that are labeled according to the doping of the global and the local gates, re-
spectively.290 Here, the regions with equal carrier type doping nn and pp display a reduced
resistance compared to pn and np regions. At a constant backgate voltage, the two topgates can
be used separately to enable advanced control of the formation of pn-junctions in the graphene
channel, as shown in figure 4.52 d). Similar to detector A, a cross-shaped resistance feature is
observed that separates the four pn, nn, pp and np regions, labeled according to the tuning of
Vtg1 and Vtg2, respectively. The contrasting resistance levels between the pp and nn region are
explained by the overall global n-doping at Vbg = 0 V, which leads to a reduced resistance for
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the nn region and, vice versa, an increased resistance for the pp region. This transport char-
acterization demonstrates the tunability of the device and illustrates the interplay between the
different gates and the formation of pn-junctions.

Figure 4.53.: a) Iph as a function of topgate voltage for three different global doping conditions
at 148 GHz and a nominal power of −5 dBm. b) Iph as a function of Vbg and
Vtg. The colored arrows indicate the position of the single sweeps depicted in a).
The photoresponse resembles the four different doping regions identified in the
transport characterization. The maximum signal is detected at the transition from
the np to the nn region. c) Photoresponse when both topgate voltages Vtg1 and
Vtg2 are tuned independently at Vbg = −5 V and d) Vbg = +5 V. All measurements
were performed at 38 K.

Under constant illumination of 148 GHz and a nominal power of−5 dBm, the topgate voltage
dependency is shown for three different global doping conditions in figure 4.53 a). At Vbg = 0 V,
the photocurrent exhibits an abrupt sign change at the (local) CNP of Vtg = −0.08 V, similar
to previous reports and to the behavior of detector A.39–41 This sign change can be tuned by
the global backgate voltage. A maximum signal of Iph = 0.68 nA is observed when the device
operates close to the local CNP. The photoresponse is mapped as a function of Vbg and Vtg,
as shown in figure 4.53 b). The arrows at the upper boundary box indicate the positions of the
single measurements depicted in figure 4.53 a). The measurement reflects the transport behavior
observed in figure 4.52 c). However, instead of a four-fold pattern, a five- or six-fold pattern
can be identified, which has been reported by other studies.41, 128 A strong photoresponse is
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observed at the boundaries between the four pn, nn, pp and np regions identified in figure 4.52
d). The strongest response is detected at the transition from the np to the nn regime which
corresponds to the measurement at +5 V (blue line) in figure 4.53 a). The rectified THz signal
is generally maximized by tuning the global charge carrier density completely into either the
electron or hole regime and then performing a topgate sweep across the CNP.

Figures 4.53 c) and d) illustrate the response of Iph when both topgates are tuned separately
at extreme global p- and n-doping, respectively. The largest signal is detected at the transition
between doping regimes. As Vbg is tuned from −5 V to +5 V, the photoresponse is almost
completely inverted. Meanwhile, Iph reaches its maximum in figure 4.53 c) as np transitions
to nn under global n-doping. This translates to maximum sensitivity when the majority of the
graphene is electron-doped and only a small fraction is hole-doped.

The photoresponse observed in these detector architectures is often discussed in terms of a
mixture of different underlying mechanisms. As presented in chapter 2.3.2, the metallic asym-
metric dual-grating gates are fundamental for the THz rectification process. They act as both
a grating coupler to conserve momentum and as additional gates that generate an asymmetric
charge carrier density distribution along the graphene channel that enhances rectification effects.
Two plasmonic THz rectification effects are typically present in ADGG GTeraFETs: the plas-
monic drag effect and the electron-hole ratchet effect.291 The plasmonic drag effect originates
from the interaction of THz-induced plasmonic oscillations and charge carriers and is dominant
for the photoresponse in a nn+ modulated system. However, it acts only a small length scale
and is very sensitive to the carrier mobility. Hence, we expect the electron-hole ratchet effect to
be dominant for our device due to the rather long graphene channel and the moderate mobility.
In addition, the observed photoresponse reaches its maximum when discrete pn-junctions are
formed in the graphene channel. This is in good agreement with the electron-hole ratchet effect,
which is proportional to the density and mobility of each carrier type and results in a net drift
of electrons or holes in one direction.

The majority of experimental reports on THz detection in graphene address resistive self
mixing (RSM) and the photo-thermoelectric (PTE) effect as dominating contribution to Iph.
Based on the theoretical framework by Dyakonov and Shur,122 RSM occurs due to nonlinear
self-gating effects in the ADGG GTeraFET induced by the THz electric field.41, 128 Our mea-
surements here were carried out in the low sub-THz and overdamped plasma wave regime, given
the scattering time τ ∼ 150 fs for 150 GHz as the incident frequency ω, resulting in the quality
factor Q = ωτ � 1. The theoretically expected photovoltage Vph is related to the photocurrent
Iph via the Drude model and is given by129, 292

Vph = RIph = − 1

σ

(
dσ

dVtg

)
, (4.15)
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with the two-terminal conductance σ. Our observed response of Iph to the applied topgate
voltage in figure 4.53 a) is generally in good agreement with the RSM model and previous
reports.39, 128 A telltale sign is the increasing signal upon approaching the CNP before changing
its sign and approaching zero towards high positive topgate voltages.

However, also the PTE effect contributes significantly to the overall photoresponse.128 The
PTE effect arises from the local heating of charge carriers by the incident radiation, which are
only very weakly thermally coupled to the crystal lattice in graphene.53, 54 Consequently, the
thermal diffusion process of hot carriers to the cold metallic contacts generates in a measurable
photovoltage. This photoresponse is sensitive to the charge carrier type and density. Thus, in
graphene with pn-junctions, the PTE effect can result in a photovoltage VPTE that is given by290

VPTE = ∆T (S2 − S1), (4.16)

and depends on the temperature difference ∆T and the Seebeck coefficients S1 and S2 of the
gated and ungated regions of graphene, respectively. According to the Mott formula, the See-
beck coefficient can be calculated by290, 293

S(Vtg) = −π
2kbT

3e

∂ln(σ(Vtg))

∂Vtg

∂Vtg

∂EF
. (4.17)

A quantitative analysis of the detected photoresponse by fitting the data with a model that
combines contributions from RSM and the PTE effect is complex and beyond the intended
scope of this chapter and will be left for future studies. However, we can interpret the contri-
bution of the PTE effect to the rectified Iph qualitatively, e.g., by studying the saturating current
towards large topgate voltages. For a globally p-doped graphene channel (Vbg = −5 V), a PTE
contribution occurs at pn-junctions (formed at the boundary between the p-doped graphene
and the n-doped contact regions), yielding a finite Iph that does not approach zero.39 When
the graphene channel is strongly n-doped (Vbg = +5 V), these pn-junctions are absent and the
current approaches zero. However, when Vtg induces locally p-doped regions in the otherwise
completely n−doped graphene channel, the doping profile is abrupt and well defined, resulting
in a maximized photoresponse.

Although the obtained photoresponse is generally composed of a mixture of different mech-
anisms, in particular of RSM and PTE effect contributions, we expect a different temperature
and frequency dependence for both effects. The RSM contribution increases with lower tem-
peratures and is expected to be sensitive to the incident frequency.39, 128 The PTE effect depends
mostly on the radiation-induced temperature difference ∆T , which can be high even for ele-
vated temperatures.40, 41, 128, 290 Additionally, the PTE effect occurs on a broadband frequency
scale and is mostly sensitive to the incident radiation power instead of frequency.
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Figure 4.54.: Measured photocurrent Iph at detector B as a function of frequency and topgate
voltage for a) 40 K, b) 77 K and c) 300 K. At 40 K, the maximum photoresponse
is confined to a range of 152 ± 5 GHz, which is weakened and broadened as the
temperature is increased. All measurements were performed at Vbg = +5 V and a
nominal power of −5 dBm.

Hence, frequency and temperature dependent measurements were carried out, as shown in
figure 4.54. At Vbg = +5 V, a nominal power of −5 dBm and a temperature of ∼ 40 K, the pho-
tocurrent shown in figure 4.54 a) exhibits a strong signal as a function of Vtg around 150 GHz.
This maximum photoresponse is confined to a range of ±5 GHz. When the temperature is
increased to 77 K, as shown in figure 4.54 b), the signal intensity decreases and the range of fre-
quencies with a stronger photoresponse is broadened to ±15 GHz. The measurement depicted
in 4.54 c) was performed at room temperature and shows an even smaller maximum Iph. More-
over, the maximum photoresponse which was previously confined to a small frequency range
is now washed out over a wide spectrum. We interpret the observed temperature and frequency
dependency of the photoresponse to the presence of a RSM-dominated regime around 150 GHz
at low temperatures. As the temperature approaches 300 K, the RSM contribution vanishes, re-
sulting in a significant decrease in Iph, while the PTE effect persists on a broad frequency range.

The performance of our ADGG GTeraFETs can be evaluated by calculating the current re-
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Device µ (cm2/Vs) Rch (Ω) S (pA) RI (mA/W) NEP (pW/Hz1/2)
Detector A 2700 3500 23 0.495 [312] 1564 [2.5]
Detector B 14100 1100 655 46 [29100] 30 [0.05]

Table 4.2.: Overview of relevant figures of merit to evaluate the detector performance. The val-
ues are calculated for two possible output power scenarios (0.316 mW and [0.5 µW]),
the low power case is given in brackets.

sponsivity RI and the noise-equivalent power (NEP) of the individual detectors. Although
optimizing the detector performance was not the primary focus of this project, the relevant fig-
ures of merits can be useful to compare our devices to other detectors and technologies.40, 41, 128

As presented in section 2.3.2, the current responsivity can be determined from the maximum
measured THz-signal S by40

RI =
π√
2

S

P

ST

SD
, (4.18)

with the power of the incident THz radiation P and the coupling efficiency of the THz-radiation
ST/SD that is given by the spot size ST at the detector area SD. According to the diffraction limit
of radiation in the sub-THz-regime, 1 mm2 is a good approximation for the beam spot size.294

Note that the actual spot size is much larger since the beam is not focused. Using RI , the
channel resistance Rch determined by Eq. 4.14 and the noise spectral density N =

√
4kBTRch,

the NEP of these graphene-based THz detectors can be determined with40

NEP =
N

RIRch
=

√
4kBTRch

RIRch
. (4.19)

By performing power sensitive measurements with a pyroelectric detector, we were able to
estimate the effective power output of the utilized source module to be only ∼ 0.5 µW, which is
roughly three orders of magnitude lower than the nominal value of P =−5 dBm≈ 0.316 mW.
The power level remained approximately constant over the entire frequency range and a range
of values was estimated for the resulting RI and NEP in table 4.2 by assuming two possible
output power scenarios.

Finally, the estimated values for the NEP of detector A and B range between 1564 pW/Hz1/2

and 30 pW/Hz1/2 [2.5 pW/Hz1/2 and 0.05 pW/Hz1/2], respectively. This sensitivity is similar
to reports on comparable ADGG GTeraFETs40, 128, 131 and is the first successful step towards
tunable ultrahigh sensitivity detectors in the future. However, we acknowledge the room for
possible errors in this estimation given the uncertainties about the output power of our THz-
source and the current experimental setup. Further detector improvements such as graphite
backgates,40 enhanced radiation-coupling via bowtie-antennas133 or tunable acoustic-grating
couplers135 seem feasible.
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5. Summary and Outlook

In this thesis various complex graphene devices were engineered by combining vdW materi-
als, microwave circuits, and metallic or superconducting electrodes in different configurations.
These hybrid architectures provide a versatile platform to investigate charge carrier transport
in graphene under electromagnetic radiation ranging from the radio-frequency to the terahertz
domain.

Technological challenges and solutions encountered during the fabrication of these hybrid
circuits were presented in chapter 3. Details on the processing of vdW materials, superconduct-
ing nanostructures and, in particular, electrical contacts emphasize the advancements in device
fabrication. A description of the design and patterning of microwave circuits is included as well
as an overview of different measurement procedures.

In an effort to maximize the hyperfine interaction between electron spins and nuclear spins,
isotopically enriched 13C graphene was investigated by low temperature magnetotransport, ESR
and NMR experiments, as shown in chapter 4.1. While the absence of clear nuclear magnetic
resonances confirms the weak character the hyperfine interaction in graphene, the data analysis
reveals signatures of nuclear effects acting on the electron spin dynamics. Additionally, un-
expected resistance anomalies at low magnetic fields were observed for polycrystalline MBE-
grown and exfoliated 13C few-layer graphene and are attributed to nuclear spin ordering effects.
Our findings consistently point towards dynamic nuclear polarization processes that generate a
nuclear magnetic field in the order of ∼ 20 mT.19, 50

Microwave spectroscopy was addressed in chapter 4.2 with hybrid circuits which integrate
graphene with metallic contacts into high-frequency waveguides to enhance the coupling effi-
ciency. Fabricating devices with large-area graphene coupled to CPWs without electrical shorts
was a technological challenge. The transition to high-quality exfoliated graphene heterostruc-
tures addressed fundamental fabrication issues and enabled the study of devices with varying
transmission line coupling techniques. However, the absence of resonances in our ESR mea-
surements indicates that the mechanism required for efficient ESR might be missing in pristine
graphene compared to the previously studied large-area graphene. Solving this puzzle might
reveal new insights to the fundamental physics of graphene.

Graphene-based JJs have been investigated in chapter 4.3. First, the low-temperature char-
acterization of a GJJ bolometer from an external collaborator36 revealed Fabry-Pérot oscilla-
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tions emerging from ballistic transport across the junction. SdH oscillations and signatures of
a Fraunhofer pattern were observed by applying a magnetic field. The resonance frequency
of the device could be determined at ∼ 8.73 GHz, however, it was not possible to combine
high-frequency and DC measurements in the scope of this thesis due to space limitations of the
cryogenic setups. Our findings are the first step towards the exploration of dark matter axions
with novel vdW-based devices in this group.

The in-house fabrication of Nb and NbN GJJs, faced challenges associated with the RF sput-
ter deposition process of superconducting thin films.49 Although technological solutions were
identified and high-quality Nb and NbN thin films with excellent critical temperatures were
achieved, obtaining GJJs with sufficiently high contact transparency remains an unsolved issue.
Superconducting Ti/Al/Ti-electrodes, on the other hand, displayed significantly improved junc-
tion properties. The characterization of three aluminum graphene junctions showed proximity-
induced superconductivity and diamond-shaped interference features under magnetic fields that
can be attributed to Tomasch and McMillan-Rowell oscillations. Interestingly, these diamond-
features appear on two different energy scales for two of the devices, which may correspond
to the purity of the superconducting electrodes and requires further investigation. Although, it
was not possible to combine functional GJJs and superconducting resonators in the scope of this
thesis, the characterization of superconducting microstrip resonators at mK-temperatures shows
that the integration of graphene devices into superconducting microwave circuits is feasible and
in reach. Improvements to the existing PVD depositions chambers, e.g., optimization of the
vacuum conditions, are expected to enhance the contact transparency of graphene junctions
significantly for the next generation of devices.

Experimental results of sub-THz detectors based on large-area and exfoliated graphene and
equipped with asymmetric dual-grating gates were presented in section 4.4. After different
doping regimes have been identified by transport measurements, the photoresponse of these
GTeraFETs was evaluated as a function of doping, frequency and temperature. The strongest
signal was detected at the transition from the np to the nn doping regime in the graphene chan-
nel. While the contribution of resistive self mixing to the rectified photocurrent seems to vanish
with increasing temperature, the photo-thermoelectric effect appears to persist up to room tem-
perature.41, 128 The sensitivity of our graphene-based sub-THz detectors is competitive with
other reports and was estimated to be in the range of ∼ 10−12 W/Hz1/2.40, 124

The experimental results in this thesis were enabled by major advances in device processing
technology, such as the reliable fabrication of high-quality graphene heterostructures. The es-
tablished fabrication processes of graphene devices, superconducting thin films and microwave
circuits represent the foundation for GJJs, superconducting resonators and THz detectors, as il-
lustrated in the diagram in figure 5.1. This thesis has demonstrated the potential for hybridizing
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these versatile fields for the exploration of physical phenomena and applications. For exam-
ple, GJJs coupled to superconducting microwave resonators can act as single-photon detectors
(SPDs) and Josephson parametric amplifiers (JPAs) operating at the quantum noise limit.33–36

Figure 5.1.: Schematic diagram illustrating the interconnections between the various fields of
research on graphene devices, superconducting thin films and microwave radiation.
The optical images show aluminum GJJs (left), a graphene-based THz detector
(right) and a superconducting microwave resonator (bottom) from this thesis.

With these fundamental tools at hand, the fabrication and study of even more complex sys-
tems such as twisted bilayer graphene (TBG) are possible. Preliminary tests on the (AFM-tip)
cutting and stacking of graphene layers show promising results. The combination of the rich
phase diagram of 2D TBG with conventional 3D superconductors could shed light on its moiré
physics.295 Recent reports investigated the thermal properties of MATBG and demonstrated
single-photon detection in the infrared,119, 120 hence, it would be interesting to study its sensitiv-
ity to microwave photons with the technologies developed in this thesis.

Reliable heterostructure fabrication can now be utilized to incorporate also other vdW mate-
rials, such as WSe2, which has been reported to stabilize superconducting phases in TBG and
untwisted Bernal bilayer graphene.296–298 The gate tunable phases in these systems revealed
insulating and superconducting phases that are stabilized by the sizeable spin-orbit coupling
of WSe2. A recent theoretical studies predicts that gate-defined Josephson junctions in Bernal
bilayer graphene/WSe2 structures, prepared similar to those in MATBG,92–94 could form Ma-
jorana zero-energy modes and thus topologically protected JJs.299 If such gate-defined JJs in
Bernal bilayer graphene/WSe2 can be realized, microwave spectroscopy would be the key to
study the junction properties.
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The role of nuclear effects in superconducting graphene devices is an unexplored aspect that
may influence quasiparticle dynamics, pairing or decoherence and warrants experimental in-
vestigation. The nuclear magnetic field BN depends on the nuclear spin polarization and is
estimated to be in the range of several milliteslas, based on the results obtained on 13C graphene
in this thesis. Depending on the size of BN, superconducting transport across a junction could
be significantly affected or even quenched. Hence, in a 13C graphene JJ, the hyperfine inter-
action may be used to control the superconducting state. Additionally, the preparation of 13C
MATBG would be interesting since the larger nuclear mass of 13C modifies the electron-phonon
interaction, potentially influencing the superconducting states in the system.

There exists an even wider spectrum of experimental possibilities when incorporating strain
that can induce pseudomagnetic fields.300 Theoretical predictions discuss a substantial influence
of these pseudomagnetic fields on Josephson currents in graphene.111, 301, 302 One elegant way to
induce dynamic and periodic strain in graphene is via SAWs.137, 138 Device prototypes of SAWs
coupled to GJJs (as shown in chapter 3.3.2, figure 3.27) suffered from poor contact transparency
and require further optimization.

To conclude, the nanoscale engineering of hybrid architectures in this thesis enables the in-
vestigation of hyperfine, quantum interference, superconducting and photosensing phenomena
in graphene by electromagnetic radiation across the microwave spectrum. Specifically tailored
superconducting nanostructures, microwave circuits or asymmetric metallic gratings can access
various physical regimes. When this versatile technological toolbox is applied to novel 2D ma-
terial heterostructures, a plethora of fascinating phenomena become experimentally accessible.
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A. Appendix

A.1. Fabrication Details

Edge contact fabrication

The fabrication of edge contacts to graphene devices is based on a RIE etching process,
immediately followed by metal deposition. The RIE plasma etching recipe uses a combination
of O2/CHF3 in a 1:10 ratio to etch exfoliated hBN-graphene heterostructures. The process is
conducted at 3 Pa, 0 ◦C, 60 W RF power, 4 sccm O2 and 40 sccm CHF3, resulting in a etching
rate of ∼ 30 nm/min. The edge profile of an etched hBN flake was measured by AFM, as
depicted in figure A.1.

Figure A.1.: a) Atomic force microscope (AFM) image of a etched hBN flake. The red line
indicates the position of the extracted profile. b) Height profile extracted along the
red line in a). The slope extracted from a linear fit to the edge profile corresponds to
a value of 38 %. The inset shows a scanning electron microscopy (SEM) image of
the same structure, where the AFM measurements are indicated by the red shapes.

The etch profile (figure A.1 b)), extracted from the red line in figure A.1 a), shows a slope of
38 %. This is close to the reported value by Wang et al.66 and confirms that the etching recipe
works as intended.

177



A.2 Extended Data

A.2. Extended Data

Resistance anomalies in 13C graphene at low magnetic fields
The resistance anomalies observed in MBE-grown 13C few-layer graphene samples are mi-

crowave frequency independent as shown in figure A.2 a). The magnetic field position of both
steps does not shift with frequency. The different appearance for different frequencies is related
to varying effective power levels due to frequency-dependent attenuation in the setup.

Figure A.2.: a) The magnetic field position of the two steps around 0 T in MBE-grown 13C
few-layer graphene appear only under microwave illumination but are frequency
independent. b) Comparison of measurements with microwave radiation (red) and
without (blue) for different heating powers (lighter to darker colors). The two
step features neither appear for higher temperatures in the measurement without
microwaves, nor disappear in the measurements with microwave radiation.

To exclude simple heating effect as the origin of the effect, figure A.2 b) compares measure-
ments with microwave radiation (red) and without (blue) for different heater powers. A heat-
ing power of 100 µW and 400 µW corresponds to a measured temperature Tsens of 93 mK and
190 mK, respectively. The measurements without radiation show reduced resistance at higher
heating power and higher temperature, but step-like features are not observed. Measurements
under microwave radiation exhibit both steps even for increasing temperatures. Even if the tem-
perature is increased to ≈ 500 mK (2000 µW heating power), the resistance still does not show
any steps around zero field.

The measured sensor temperature Tsens is compared to the effective electron temperature Te

and the sample resistanceRxx as a function of the applied microwave power in figure A.3. Here,
the microwave power is plotted in units of dBm in figure A.3 a) and in units of milliwatt (mW)
in figure A.3 b). We use the results from previous temperature-dependent heated measurements
to reference sample resistance and Te.
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Figure A.3.: The measured sensor temperature Tsens is compared to the effective electron tem-
perature Te and the sample resistance Rxx as a function of the applied microwave
power in units of a) dBm and b) milliwatt (mW).

Microwave circuits with exfoliated graphene
In section 4.2.2, electron spin resonance experiments on exfoliated graphene heterostructures

using high-frequency waveguides are presented. Since a significant ESR can not be detected
in resistively-detected measurements by sweeping the magnetic field under constant microwave
irradiation, different approaches were used. The measurements presented here exemplary show
frequency-swept ESR measurements conducted on the sample shown in figure 4.18 a). Figures
A.4 a) and b) show the resistance under microwave radiation in a range between a) 13.5 GHz to
15 GHz and b) 22 GHz to 25.5 GHz at constant magnetic field values of 0.5 T, 0.51 T and 0.9 T,
as indicated by the colors.

Figure A.4.: The measured sensor temperature Tsens is compared to the effective electron tem-
perature Te and the sample resistance Rxx as a function of the applied microwave
power in units of a) dBm and b) milliwatt (mW).

These frequency-swept measurements exhibit significantly more noise compared to standard
ESR measurements, which are based on magnetic field sweeps. Additionally, the radiation
induced heating depends on the frequency-dependent attenuation of the high-frequency coaxial
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lines of the setup. The effective power and consequently also the sample temperature changes as
the frequency is varied. This is reflected by the resistance oscillations shown in figure A.4 a) and
b). The dashed lines indicate the expected resonance frequencies for the α and β resonances at
different magnetic fields. While the measurements at 0.5 T and 0.51 T overlap, the resistance is
increased for 0.9 T due to the expected increase in magnetoresistance. However, no resonances
can be identified for these measurements.

Similar to other microwave circuits equipped with graphene, transmission-based ESR mea-
surements were also performed for this sample. Two exemplary measurements are shown in
figure A.4 c). The microwave transmission S21 exhibits a magnetic field dependence with a
minimum that shifts in position, depending on the applied frequency. It is unclear if this signal
corresponds to resonance effects in the graphene or is the results from artifacts in the experi-
mental setup.

Figure A.5.: Resistively-detected ESR measurements of an exfoliated 13C graphene device at
10 dBm power and various constant microwave frequencies.

Figure A.5 shows results of electron spin resonance experiments with microwave radiation
coupled via a waveguide to an exfoliated 13C few-layer graphene device. Compared to the back-
ground measurement (purple line), a significant decrease of the resistance is observed when var-
ious microwave frequencies are applied. This is attributed to radiation-induced heating effects.
However, resonant features are absent in these measurements.

Graphene-based Josephson junction microwave bolometer
The electrical transport of a graphene-based JJ bolometer36 was characterized at low temper-

atures. Figure A.6 a) shows a gate sweep, with the CNP of the graphene located at ∼ 0.2 V.
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Separate fits to the resistance around the CNP for the electron and hole regime according to Eq.
4.14 can be used to extract relevant parameters such as the contact resistance Rc, the residual
charge carrier density n∗ and the mobility µ. Note that a gate dielectric of 40 nm Al2O3 was
assumed. However, the fits do not match the resistance curve well. Hence, Rc and n∗ can not
be determined accurately. The mobility µ is approximately in the order of 105 cm2/Vs.

Figure A.6.: a) Resistance (blue line) as a function of gate voltage Vg, i.e., density, at 314 mK.
The fits to the resistance in the electron (green line) and hole regime (red line) did
not converge with high accuracy, but yield a mobility of µ ≈ 105 cm2/Vs. b) After
subtracting a slowly varying background from the resistance in a), the Fabry-Pérot
(FP) oscillation period ∆kF yields an effective junction length d = 130−230 nm. c)
Differential resistance dV/dI of the GJJ as a function of DC source-drain voltage
VSD for three different gate voltages.

Fabry-Pérot (FP) resistance oscillations in the hole regime are analyzed by subtracting a
slowly varying background and extracting the Fabry-Pérot oscillation period ∆kF, which yields
an effective junction length in the range of d = 130− 230 nm, as explained in the main text. It
is unclear whether the two different FP oscillation periods (orange and pink sine functions) in
figure A.6 b) result from inhomogeneity in the sample.

The differential resistance of the GJJ is plotted as a function of DC source-drain voltage VSD

in figure A.6 c) for three different gate voltages. The junction transitions at ∼ ±80 µV to the
normal state. This value corresponds to an induced superconducting gap of ∆ind ≈ 80 µeV. This
value is much lower than expected for common superconductors such as Al or Nb and indicates
a thermally induced reduction of the superconducting gap.

The cryogenic 3He setup that was used to perform low temperature characterization measure-
ments was initially planned to accommodate all necessary microwave components to reproduce
microwave photon detection experiments.36 A schematic diagram of the required connections
and components at different temperature stages of the cryostat is given in figure A.7 a). Lines
in black are DC lines for the readout of the GJJ, the blue line is the DC line for electrostatic
gate control and the red lines can be used to apply high-frequency signals to the GJJ bolometer
device via a directional coupler. Note that all lines are high-frequency coaxial lines, even the
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Figure A.7.: a) Schematic diagram of the intended cryogenic 3He setup including all lines and
components at different temperature stages for DC and high-frequency characteri-
zation of the GJJ bolometer. b) Image of the 3He insert that exemplifies the limited
space available. c) Cryogenic setup at the group of Prof. Horns. This setup had
enough space to accommodate all high-frequency components and was used to de-
termine the resonance frequency of the GJJ bolometer device.

DC lines, which results in better shielding.
However, during the installation of the components, we faced multiple challenges and issues

which could not be resolved completely. For instance, the 3He insert of the intended cryostat has
only very limited space, as shown in figure A.7 b). Not all components could fit into the space
without causing a big thermal short to the insert shielding or between the 1.5 K pot and the 3He
pot. This would elevate the sample temperature from 300 mK to 1.5 K and higher, reducing the
sensitivity of the device. Hence, only DC lines with RC-filters could be installed for transport
characterization experiments, without the high-frequency components.

In order to assess the resonance frequency of the GJJ bolometer at low temperatures, the
device was installed in a cryogenic setup of the Horns group, which has much more space to
accommodate all necessary cables and components, as shown in figure A.7 c). This cryostat
operates at 4 K and can go to 120 mK for short periods of time by adiabatic demagnetization.
Unfortunately, this setup could not be equipped to perform simultaneous DC readout of the GJJ
and only high-frequency measurements were carried out.
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Characterization of graphene Josephson junctions
Device A

Microwave power dependent measurements were repeated at different frequencies to probe
the AC Josephson effect in the first GJJ with superconducting aluminum electrodes (device A).
The differential resistance dV/dI as a function of bias current Ibias and microwave power P is
shown for different fixed microwave frequencies in figure A.8.

Figure A.8.: Differential resistance dV/dI of device A as a function of bias current Ibias and
microwave power P at 0 V gate voltage and a fixed frequency of a) 2 GHz, b)
3 GHz, c) 4 GHz and d) 6 GHz. Vertical lines are artifacts that stem from resistance
jumps due to the leaking backgate.

These measurements are impacted by the leaking backgate, which causes jumps in the re-
sistance and adds a parasitic conduction channel. For the measurements in figure A.8 b) and
c), the behavior of the junction is almost completely obscured by these artifacts. Still, the di-
verging features observed in figure 4.36 in the main text are faintly visible. This is not the case
for the measurement at 2 GHz in figure A.8 a), where the behavior of the junction is mostly
unaffected by the applied microwave power. In contrast, the measurement at 6 GHz exhibits
a superconducting state that vanishes at ∼ 2 dBm power and additionally signs of diverging
features towards higher microwave power. However, in none of the measurements well pro-
nounced Shapiro steps could be observed, which is attributed mostly to insufficient junction
transparency.
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Device B

The dependence of dV/dI on magnetic field and bias current of the second graphene device
with superconducting aluminum electrodes (device B) was evaluated at different gate voltages.
Figure A.9 a) plots the measured dV/dI at the CNP (∼ −18 V); the calculated d2V/dI2 is
depicted figure A.9 b). The resistance at the CNP is approximately 10 to 20 times higher, which
results in an extremely sharp resistance peak at zero bias that dominates the overall signal. The
diamond features can therefore not be resolved and are even absent in d2V/dI2 in figure A.9 b).
Note that the diamond-features are observed for all other gate voltages.

Figure A.9.: a) Measured dV/dI and b) derived d2V/dI2 of device B as a function of magnetic
field and bias current at the CNP (∼ −18 V) and 14 mK.

Measurements at various temperatures reveal a decreasing critical magnetic field Bc of the
Al-film upon increasing temperature. Figure A.10 plots the extracted Bc values as a function of
temperature. The temperature dependence of Bc can be fitted using Eq. 2.17.102 The resulting
fit is shown as the red solid line in figure A.10 and yields a critical temperature Tc = 547 mK.
Although the temperature dependence is expected to be parabolic,102 the decrease in Bc can
also be approximated by a simple linear fit (blue solid line). A linear decrease of Bc has been
observed in previous reports on granular aluminum.265–267 This extrapolation yields a slightly
higher Tc ≈ 640 mK. Following BCS theory, the size of the induced superconducting gap can
be inferred from these values via ∆ = 1.76kBTc = 83 and 97 µeV, respectively, which is much
smaller than bulk Al.269, 270
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Figure A.10.: Temperature dependence of the critical magnetic field Bc of the Al-film extracted
from the measurements shown in figure 4.40. The data can be fitted with Eq. 2.17
(red solid line) with R2 = 0.984, yielding a Tc = 547 mK. The decrease in Bc

can also be approximated by a simple linear fit (blue solid line) with R2 = 0.995,
yielding a slightly higher Tc ≈ 640 mK.

Figure A.11.: a) Measured dV/dI and b) derived d2V/dI2 of device B as a function of magnetic
field and higher bias current. c) Measured dV/dI and d) derived d2V/dI2 with
reduced AC current amplitude of 0.4 nA.
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In order to resolve the evolution of the diverging diamond-features, a higher bias current was
applied to the aluminum-graphene junction, as shown in figures A.11 a) and b). However, the
signal vanishes in the resistive background as the noise increases drastically at values above
|0.1| µA. Further evaluation of the signal by decreasing the AC current amplitude to 0.4 nA
could not resolve the diamonds more clearly, as shown in figure A.11 c) and d). Instead, the
signal-to-noise ratio worsens.

Figure A.12.: Measured dV/dI and derived d2V/dI2 as a function of bias current Ibias and mi-
crowave power P at a), d) 0 V and 5 GHz, b), e) 0 V and 6 GHz and c), f) at−25 V
and 5 GHz. All measurements were performed at mK-temperatures.

Microwave power dependent measurements were performed via an open coaxial cable in
close proximity to device B. However, this approach is very inefficient and results in lower
effective power at the sample position. Measurements at different microwave frequencies and
two different gate voltages are presented in figure A.12.

The increasing microwave power has no immediate effect on the observed features, probably
due to insufficient coupling. Apart from the resistance maximum at zero bias current, two
resistance maxima are observed ±0.7 µA which are potentially connected to the previously
observed diamond-features. Interestingly, a faint X-shaped features can be observed in the
measurements at 5 GHz at around 2 dBm for both gate voltages. Such a crossing is not expected
and should be studied in more detail in future studies.
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Device C

Figure A.13 a) shows the differential resistance of JJ3 towards high bias currents up to±5 µA.
Aside from the previously observed peaks, only increasing noise and no other resistance effects
can be identified.

Figure A.13.: a) The differential resistance of JJ3 does not show any additional effects at high
bias currents. b) Zoom-in on the original data from JJ1 in figure 4.42 a) showing
of the low-field region in the dV/dI map. The oscillations of the superconduct-
ing region inside this inner diamond-structure are reminiscent of a Fraunhofer
pattern. c) Measurement of this region with higher resolution does not confirm
the Fraunhofer pattern and is affected by artifacts that probably result from the
resolution limit of the power supply.

Inside the first diamond-shaped structure of JJ1 in device C, a pattern can be observed that is
reminiscent of a Fraunhofer pattern. Figure A.13 b) shows a magnified view of this region from
the measurement depicted in figure 4.42 a) in the main text. Another measurement of this re-
gion with higher resolution is shown in figure A.13 c). However, this measurement is obscured
by artifacts and does not confirm the Fraunhofer pattern, most likely to resolution limits of our
magnetic field power supply. Additional with another power supply, such as a high-precision
current source, could not be performed in the available time. Thus, it remains unclear if the
observed oscillations of the superconducting state in JJ1 originate from flux quantization.

The DC source-drain voltage VSD across the junctions in device C was measured simultane-
ously with the AC voltage. A representative measurement of VSD as a function of bias current in
JJ3 is depicted in figure A.14 a). The calculated differential resistance dVSD/dI is in agreement
with the differential resistance dV/dI measured via lock-in detection, but exhibits significantly
higher noise. Due to a large background resistance, VSD does not show the zero-voltage state
plateau expected for a JJ. Nevertheless, we observe the same resistance features in the mag-
netic field and bias current dependence for the calculated dVSD/dI , shown in figure A.14 b),
compared to the measurements of dV/dI shown in the main text. Note, that voltage-biased
measurements could not be performed with sufficient signal-to-noise ratio. The VSD voltage-
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Figure A.14.: a) Exemplary measurement of the DC source-drain voltage VSD (blue solid line)
across the junctions in device C on JJ3 as a function of bias current. The derived
dVSD/dI is in agreement with the dV/dI measured via lock-in detection. b) Mag-
netic field dependence of the dVSD/dI as a function of bias current.

values of device C allow to extract the involved energies.

Microwave power dependent measurements were performed with the end of an open coaxial
cable placed exactly above device C. As discussed above, this approach is inefficient and only
a fraction of the electromagnetic radiation is actually coupled to the sample. Hence, it comes
to no surprise that the measurements on JJ3 of device C at different microwave frequencies,
shown in figure A.15, do not exhibit the expected Shapiro steps. Instead, the response in dV/dI
is purely due to microwave-induced heating effects.

Figure A.15.: Differential resistance dV/dI on JJ3 of device C as a function of bias current
Ibias and microwave power P at a constant frequency of a) 5 GHz, b) 15 GHz
and c) 20 GHz. Due to inefficient coupling of the electromagnetic radiation, only
microwave-induced heating effects are observed. All measurements were per-
formed at mK-temperatures.

These power dependent measurements are therefore mostly probing the temperature depen-
dence of the junction and present a valuable addition to the measurements shown in figure 4.44
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in the main text. We suspect high attenuation of the setup to reduce the effective power at
15 GHz, which leads to less heating and thus to no significant change in figure A.15 b). How-
ever, the peaks in dV/dI in figure A.15 a) and c) follow the temperature-dependent closing
of the superconducting gap ∆.102, 269, 270, 284 The inner peak disappears first at approximately
−4 dBm, before the outer peak vanishes at around 2 dBm. This observation is in agreement
with the discussion in the main text regarding the temperature dependence of the effects. The
visible spots in the evolution of the outer peak before it vanishes are not microwave-induced
periodic replicas of resistance features.303, 304 Rather, they are artifacts which have the same
energetic distance for 5 GHz and 20 GHz and occur due to the power step-size resolution in our
measurements.

Figure A.16.: a) Magnetic field dependence of the dV/dI of JJ3 as a function of bias current.
b) Line cuts at four exemplary bias currents as indicated by the colored lines are
plotted in a). The average magnetic field distance between peaks ∆Bavg ranges
between 1 and 2 mT.

In order to evaluate possible explanations for the observed phenomena in device C, the oscil-
lation period in magnetic field is assessed in figure A.16. Figure A.16 a) depicts the differential
resistance map of JJ3 as a function of magnetic field and bias current.

Line cuts at multiple different bias currents are plotted in figure A.16 b). In addition to pro-
nounced peaks of the inner and outer diamond-features, several peaks of the diverging fringes
are observed which exhibit an average magnetic field spacing ∆Bavg of 1 to 2 mT. This magnetic
field value corresponds to µBB ≈ 0.1 µeV, which is much smaller than the energy spacing in
bias voltage, discussed in the main text.
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Terahertz detectors based on exfoliated graphene
Detector B

Transport measurements at 38 K are employed to characterize detector B. The two-terminal
resistance is measured as a function of backgate voltage Vbg and topgate voltage Vtg, as shown
in figure A.17. Separate fits to the resistance around the CNP for the electron and hole regime
according to Eq. 4.14 can be used to extract relevant parameters such as the contact resistance
Rc, the residual charge carrier density n∗ and the mobility µ.

Figure A.17.: a) Two-terminal resistance of detector B (blue line) as a function of backgate
voltage Vbg at 38 K. The fits to the resistance did not converge with high accuracy.
b) Resistance as a function of topgate voltage Vtg at 38 K.

The fits to the backgate sweep in figure A.17 did not converge with high accuracy, but yielded
a combined n∗ ≈ 4.5 × 1010 cm−2 and µ ≈ 8000 cm2/Vs. However, the fit results exhibit
a physically not meaningful vanishing contact resistance. Hence, the results of the fits to the
topgate sweep are used for the analysis, which yield a combined n∗ ≈ 4.5 × 1010 cm−2, µ ≈
14100 cm2/Vs andRc ≈ 4.8 kΩ. Note, that due to n-doped contact regions the contact resistance
appears to be asymmetric for electron and hole charge carriers, with Rc, e ≈ 0.7 kΩ and Rc, h ≈
8.8 kΩ, respectively.
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