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Chapter 1

Introduction

The semiconductor industry is approaching a limit where Moore's law[1] is becoming in-
creasingly dicult to sustain[2]. Alternative approaches building on the results of quantum
mechanics are required to further enhance the functionality of electronic devices. For example,
recent years have seen a surge in encouraging achievements in the eld of quantum compu-
tation. Most notably, the quantum advantage over classical computers for speci ¢ problems
was demonstrated using superconducting [3, 4] and photonic [5] quantum computers. Supercon-
ducting qubits are among the most promising platforms to create scalable and programmable
guantum computers capable of solving practical problems. Furthermore, superconducting hy-
brid devices are also proposed to host exotic quasiparticles such as Majorana fermions[6{8] that
may enable fault-tolerant quantum computing [9]. Majorana fermions are expected to arise if
superconducting correlations are induced in the surface states of topological insulators [7].

Graphene has been theoretically predicted as a topological insulator soon after its discov-
ery in 2004 [10]. However, the experimental observation of this exotic phase in graphene has
remained elusive due to its very weak intrinsic spin{orbit coupling (SOC)[11]. On the other
hand, the family of two-dimensional (2D) materials has grown rapidly over the last two decades,
making it possible to tailor the physical porperties of graphene by creating van der Waals het-
erostructures that combine graphene and other 2D materials. For example, by bringing graphene
in close proximity to transition metal dichalcogenides (TMDSs) in such heterostructures, a large
SOC can be induced in graphene[12]. This, on the one hand, gave a signi cant boost to the
eld of spintronics. The combination of the large spin di usion length in graphene [13{15] and
the ability to manipulate spins by electric elds[16{18] are key elements to realize informa-
tion storage and logic devices that utilize the spins of electrons[19]. On the other hand, this
so-called proximity-induced SOC has opened new possibilities to engineer topological phases
in graphene [20{22], leading to the experimental observation of a peculiar band-inverted phase
hosting helical edge states in bilayer graphene [23, 24]. Furthermore, the induced SOC can also
have a strong e ect on the correlated states observed in twisted structures [25{27].

In this thesis, | set out to explore the nature and size of induced SOC in graphene/TMD
heterostructures, to boost its strength and to incorporate such heterostructures in supercon-
ducting circuits. | present the fabrication of van der Waals heterostructures based on graphene
and TMDs that allow the investigation of the proximity-induced SOC. Low-temperature trans-
port measurements are used to determine the type and strength of the induced SOC and reveal
a large spin-relaxation anisotropy in these heterostructures[28]. Hydrostatic pressure can be
used to squeeze the layers of van der Waals heterostructures[29]. By reducing the layer dis-
tances, the strength of the induced SOC can be signi cantly enhanced [30]. The hydrostatic
pressure is applied in a pressure cell where kerosene acts as the pressure mediating medium.
A measurement in this thesis shows that the electronic quality of graphene is preserved by
encapsulating graphene in hexagonal boron nitride (hBN). Furthermore, | also present that the
proximity-induced SOC can be enhanced by hydrostatic pressure in a bilayer graphene/TMD
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heterostructure and the band-inverted phase can be extended as a result[31]. Furthermore, the
e ect of SOC on superconductivity in graphene/TMD heterostructures is studied. Josephson
junctions are formed by fabricating superconducting electrodes on the heterostructures. SOC
is expected to manifest as a phase shift in the current{phase relation (CPR) of the Josephson
junctions. For this reason, CPR measurements are presented on graphene/TMD Josephson
junctions. Recently, multiterminal Josephson junctions (MTJJs) were proposed theoretically as
a platform to arti cially engineer topologically non-trivial band structures [32]. Therefore, fab-
ricating multiple superconducting terminals provides an alternative to SOC to engineer topolog-
ical phases in Josephson junctions. In this thesis, transport measurements on a graphene-based
MTJJ are presented. The results are compared to simulations based on a resistively shunted
Josephson junction network model. It is shown that self-heating e ects have to be considered
in the simulation to reproduce the main features of the measurements[33].

The structure of the thesis is the following. The theoretical concepts necessary for un-
derstanding this thesis are briey summarized in Chapter2. Chapter3 presents the experi-
mental techniques used throughout this work. These include the fabrication of van der Waals
heterostructures and details of the low-temperature transport measurements. In Chapter4, |
present the key results from the investigation of proximity-induced SOC in single-layer graphene/TMD
heterostructures that were enabled by the devices | fabricated. | also brie y discuss the mea-
surement showing that hBN can e ciently protect graphene from the kerosene environment in
pressure cells, for which | provided the measured device. Furthermore, | summarize the mea-
surements showing that our pressure cell can be used to apply hydrostatic pressure to van der
Waals heterostructures and increase the proximity-induced SOC. Building on these results, in
Chapter5, | present the investigation of the inverted-gap phase in a bilayer graphene/TMD het-
erostructure under hydrostatic pressure. Chapter 6 details the CPR measurements on Joseph-
son junctions based on graphene/TMD heterostructures. In Chapter 7, | discuss the transport
measurements on graphene-based MTJJs and the simulation method incorporating self-heating
e ects. Finally, in Chapter 8, | summarize these ndings.



Chapter 2

Theoretical background

2.1 Graphene and 2D materials

Layered materials consist of 2D atomic or molecular sheets with strong in-plane bonds that
are weakly coupled by van der Waals forces in the out-of-plane direction. This fundamental
property makes it possible to isolate a few or even single-layers from bulk crystals and investi-
gate them in their ultimate thinness limit. Although graphene, the 2D equivalent of graphite,
was the rst example discovered in 2004 [34{36], the number of 2D materials has increased
rapidly over the past two decades. Along with this, the functionality of these materials has
also seen a signi cant broadening. Without claim of completeness, the types of 2D materials
include semimetals, metals, insulators, semiconductors, superconductors, magnetic materials
and topological insulators [37, 38].

From the point of view of this work, the most important 2D materials are graphene, hexago-
nal boron nitride (hBN) and transition metal dichalcogenides (TMDs). As mentioned, graphene
is the rst example of 2D materials. It is a semimetal with exceptional electronic qualities [39].
State-of-the-art graphene devices can have charge carrier mobilites of 10° cm?/Vs, matched
only by 2D electron gas (2DEG) devices. As a result of high device quality, quantum e ects
become more easily accessible, demonstrated by the room-temperature observation of the quan-
tum Hall e ect[40]. A review of the numerous quantum e ects available in graphene can be
found in Reference[41]. A key element to obtain large charge carrier mobilities is the encapsu-
lation of graphene in hBN [42, 43] which is a 2D insulator with a crystal structure very similar
to graphite. The bene ts of using hBN as a substrate for graphene devices is discussed in detail
in Section 3.1. Finally, TMDs are layered semiconducting materials with a typical band gap of
1-2eV. The unit cell of these materials contains one transition metal atom (such as W or Mo)
and two chalcogen atoms (e.g. S, Se or Te). More importantly, these materials have strong
intrinsic spin{orbit coupling which makes them useful for spintronics applications (Section 2.3).

Reducing the dimensionality of such materials opens up several new possibilities. In many
cases, the physical properties of these materials depend heavily on the number of layers and can
be strikingly di erent from their bulk counterparts. Two key examples, which will be discussed
in more detail later, are the electric eld e ect (Section2.4.1) and the tunable band gap in
bilayer graphene (Section 2.2.2). Both of these e ects become available by reducing the number
of layers towards the 2D limit and are not accessible in bulk graphite.

We can improve or change the functionality of 2D layered materials not only by reducing
the number of layers but it is also possible by combining di erent layers in van der Waals
heterostructures as presented in Section 3.1. This method provides unprecedented opportunities
for band structure engineering. For example, it is possible to take a layer of graphene, place it on
top of a TMD layer and the proximity of the TMD layer will induce a large spin{orbit coupling in
graphene while the electronic quality of graphene is mostly preserved. In such heterostructures,
additional tuning knobs can also be used to control the band structure. By reducing the distance
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Figure 2.1: Hexagonal lattice structure of single-layer graphene. The lattice vectors are shown
in yellow. The unit cell contains two atoms, denoted A and B. The distance between nearest-
neighbour atoms isag = 1:42 A, as illustrated by the green arrow.

between the layers, the proximity e ect can be enhanced. This can be achieved by applying
pressure to such heterostructures as it is discussed in Chapters 4 and 5. Although not covered in
this work, it is worth mentioning that the electronic properties of van der Waals heterostructures
can also be tuned by applying strain [44{50]. Furthermore, the rotation of the layers can also
have a signi cant e ect on the band structure. The most notable examples are the twisted
graphene heterostructures where at bands appear when two graphene layers are rotated by a
so-called magic angle [51{58]. The study of twist-angle dependent phenomena is referred to as
twistronics.

2.2 Band structure of graphene

2.2.1 single-layer graphene

Graphene is a two-dimensional allotrope of carbon where atoms are arranged in a hexagonal
lattice as it is shown in Figure 2.1. The unit cell of the honeycomb lattice contains two carbon
atoms, denoted A and B. The lattice vectorsa; and a, can be expressed in real space using the
inter-atomic distance ag = 1:42 A:

a = % I03é and ap= % Bg (2.2)

A free carbon atom has the electronic con guration of 1522s22p? with a total of six electrons.
However, in graphene three of the four valence electrons occupsp? hybrid orbitals while the
remaining electron occupies thep, orbital. The sp? electrons form strong -bonds localized in
the plane of the atoms while thep, electrons form delocalized -bonds. The 1s? core electrons
do not contribute to chemical bonds.

Although graphene was discovered in 2004, it had already been investigated theoretically in
1947 [59] as a stepping stone to understand the electronic properties of graphite. The electronic
band structure of p, electrons in single-layer graphene (SLG) can be calculated in a tight-binding
approximation [59, 60]. Considering only nearest neighbour hopping, this yields:

Vv

¥ p 3 pé |
E (q) = t'fj 3+2cos 3ga +4cos 5k C€Os —-Gao ; (2.2)

where q is the wavenumber vector andt = 2:61 eV [61] is the nearest neighbour hopping pa-
rameter. This band structure is shown in Figure 2.2.(a) for the rst, hexagon-shaped, Brillouin
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Figure 2.2: a) Band structure of SLG in the rst Brillouin zone obtained from tight binding
calculation using only nearest neighbour hopping. The valence and conduction bands touch at
the corners of the hexagonal Brillouin zone. b) Low-energy part of the band structure around
the K valley with t = 2:8 eV as a function of the quasi-momentumk measured from theK
point.

zone. SLG is a semimetal since the valence and conduction bands touch at the so-called Dirac
points in the corners of the Brillouin zone, also referred to as valleys, and the, electrons I
the valence band. Two of these valleys are denoted witlK and K' in Figure2.2.(a). Their
positions in the momentum space can be given by:
K -49—2 "3 and KO= 49—2 "3
3 3 1 33 1
In most cases, it is enough to consider only the low-energy sector of the band structure.
This is shown in the vicinity of the K valley in Figure 2.2.(b), highlighting the now-famous
Dirac cone of graphene. The dispersion relation in the valleys is linear and isotropic which
makes it possible to describe the band structure with a linearized Hamiltonian. Considering
two inequivalent valleys and neglecting spin degeneracy, it takes the form of:

(2.3)

where 4 are the Pauli matrices acting on the sublattice space and = 1 stands for the K

and K' valley and we introducedk = q K, the quasi-momentum measured from theK and
K' points. This Hamiltonian is equivalent to the Dirac Hamiltonian that describes massless
relativistic particles with the Fermi velocity vg  10° m/s substituting the speed of light. For

this reason, the K and K' points are commonly known as Dirac points. In the Dirac points,
the dispersion relation can be given simply by:

E (K)= ~vejkj: (2.5)

The positive solution is referred to as conduction band, whereas the negative as valence band.

2.2.2 Bilayer graphene

Two layers of graphene stacked on top of each other is referred to as bilayer graphene
(BLG). In most cases, the crystal structure follows the so-called Bernal stacking, also known as
AB stacking, shown in Figure 2.3. The unit cell contains four atoms, A1 and B1 are situated
on the lower layer, while A2 and B2 sit on the upper layer. The B1 and A2 atoms are aligned
vertically, these are called dimer atoms, while A1 and B2 are referred to as non-dimer atoms.
The distance between the two layers in pristine BLG isd = 3:3A.
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Figure 2.3: Lattice structure of Bernal-stacked bilayer graphene. TheA, atoms of the upper

layer are located above theB; atoms of the lower layer. The distance between the layers in
pristine BLG is d = 3:3A. The relevant hopping parameters are also indicated by ; and the

corresponding arrows.

Similarly to SLG, it is possible to construct a linearized tight-binding Hamiltonian to de-
scribe the low-energy band structure for BLG, as well. In the basis of the 4 atom unit cell,
(jCa1i ;jCg1i ;jCa2i ;jCg2i) the Hamiltonian is written as:

0 1
u=2 vo Y vg Y V3
_ Vo u=2+ O 1 vy Y § .
Hec = % Va ) u=2+ O v Y : (2.6)
vy Y i Vo u=2
Here, we use ;, with i = f0;1;3;4g to describe the intra- and interlayer hoppings in BLG,

as illustrated in Figure 2.3. ¢ is the nearest neighbour intralayer hopping, 1 is the interlayer
hopping between the dimer sites, 3 describes the hopping between thewon-dimer sites and,
is the interlayer hopping between the dimer and non-dimer orbitals.v; = = 3a j=2~ are e ective
velocities derived from the hopping parameters, with the lattice constant of the graphenea =
2:46A and Yis the dimer on-site energy. = ~( ky+ iky)and Y= ~(kyx iky)are momentum
operators measured from the K and K' valleys with the valley indices = 1. The parameter
u is the interlayer potential di erence modelling the e ect of an external electric eld. The
values available in the literature for the hopping parameters are ¢ = 2:61eV, ; = 0:361eV,
3=0:283eV, 4=0:138eV and °=0:015eV [61].

To illustrate some of its key features, we calculaté the BLG band structure using only
the ¢ and 1 hopping terms and compare it with the low-energy band structure of SLG in
Figure 2.4. For convenience, the low-energy sector of the SLG band structure is shown again in
Figure 2.4.(a) and the BLG band structure is plotted in 2.4.(b). The most obvious conclusion
from this comparison is that BLG no longer shows linear dispersion but it features quadratic
bands that touch at the Dirac points. Even though the unit cell of BLG contains four atoms,
the bands are four-fold degenerate in both cases, due to the valley and spin degrees of freedom,
since 1 splits the bands originating from the dimer atoms A, and B; from the low-energy
subspace. These are not visible in the energy range shown in Figure 2.4.

As mentioned in Section2.1, a di erent number of layers can result in strikingly di erent
functionalities for 2D materials. A prime example for this is the appearance of an electric eld-
tunable band gap in bilayer graphene [62{64]. When an out-of-plane electric eld is applied
to BLG, the two layers are placed at di erent potential energies resulting in an interlayer
asymmetry. In Equation 2.6, this is taken into account by the interlayer potential di erence u

1The Python code used for the band structure calculations of BLG was developed by Balint Szentpeteri.
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Figure 2.4: a,b) Low-energy band structure of SLG and BLG in theK valley as a function of
ky. For the calculation of the BLG band structure only the hopping terms o and ; were used.
¢) The opening of a band gap in BLG foru = 2 meV. The interlayer potential di erence can be

controlled by a transverse electric eld.

and the e ect of a nite u=2meV is demonstrated in Figure 2.4.(c) where the opening of a band
gap is clearly visible. This feature is inaccesible in SLG where a transverse electric eld does not
break the inversion symmetry. The transverse displacement eld D) in the measurements can

be converted to the interlayer potential di erence using u = 5 B‘i‘(‘; D, whereeis the elementary

charge, ¢ is the vacuum permittivity, d = 3:3A is the separation of BLG layers and g g is
the e ective out-of-plane dielectric constant of BLG.

2.3 Spin{orbit coupling in graphene
2.3.1 Spin{orbit coupling basics

Spin{orbit coupling (SOC), or spin{orbit interaction (SOI), is the relativistic e ect connect-
ing the spin of a particle to its motion. An electron moving at a speedv in an external electric
eld E experiences an e ective magnetic eldBCin its resting frame of reference that is given
by the Lorentzian transformation:

1
BO= Zv E (2.7)
Writing this into the Zeeman energy term;
1 1 p
Hsoc =+08S 5V E= 5085 — FE (2.8)

where g is the electron g-factor, g = e~=(2m¢) is the Bohr-magneton, S is the spin angular
momentum and p is the momentum. Let us consider a central atomic potential where:

Ze _r d Ze |
4" or  jrjdrd" ojrj’

E=r (2.9)

Using this in Equation 2.8:

1
Hsoc = 29 BS L

E/S (p r)l SL; (2.10)
whereL = (r p)=~is the orbital angular momentum. In this case, it is easy to see how the
spin and the orbital angular momenta are connected, hence the name spin{orbit interaction can
be understood.



Figure 2.5: E ect of spin{orbit coupling on the low-energy band structure of SLG around the
K point. The colorscale illustrates the out-of-plane spin polarization of the bands. a) Intrinsic
SOC with | = 1 meV. The value of | used here is two orders of magnitude larger than the
12 eV predicted theoretically [11] to better illustrate the opening of the topological gap. In this
case, the bands remain spin and valley degenerate. b) Valley-Zeeman SOC with,z = 1 meV.
This SOC term leads to a nite spin-splitting of the bands with opposite sign in the two valleys.
¢) Rashba SOC with r = 1meV. The Rashba term leads to the in-plane winding of the spin
with no out-of-plane polarization.

In pristine graphene, symmetry allows only one type of spin{orbit coupling [10, 65]. The
e ective low-energy Hamiltonian of this intrinsic spin{orbit coupling term takes the following
form:
H = 78 (2.11)

Here | is the intrinsic spin{orbit strength, = 1 is the usual valley index, while % and $,
are the Pauli matrices acting on the pseudospin and the spin respectively. Combining this with
the orbital contributions from Equation 2.4 the low-energy spectrum takes the following form:

q
E (k)=  ~22 kZ+ k2 + Z (2.12)

This intrinsic spin{orbit coupling splits the valence and conduction bands by 2j |j, however,
the bands remain spin and valley degenerate. This is illustrated in Figure 2.5.(a) for = 1 meV
for better visibility. It is worth noting that the band gap opened by the intrinsic SOC was
predicted by Kane and Mele[10] to host a quantum spin Hall state with helical edge states.
However, it was found by Gmitra et al [11] that the intrinsic SOC strength | 12 eV is very
weak and inaccessible in experiments. On the one hand, this weak SOC allows exceptionally
long spin relaxation times in pristine graphene [13{15]. On the other hand, for many spintronic
applications, it is desired to have a large spin{orbit coupling to enable manipulation of the
electron spins via external electric or magnetic elds. However, other spin{orbit interaction
terms are allowed if the symmetry of our system is reduced, which might have a signi cant
impact on the low-energy band structure.

2.3.2 Proximity-induced spin{orbit coupling in single-layer graphene

By combining graphene with other 2D materials that have a large intrinsic spin{orbit cou-
pling, it becomes possible to induce a signi cant SOC in graphene via the proximity-e ect[12,
66{69]. Although other methods have also been proposed to enhance SOC in graphene[19,
60, 70], as mentioned in Section2.1, TMDs are among the most promising candidates to en-
able spintronics applications in graphene devices. While TMDs have a large intrinsic SOC,
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their low electronic quality results in small spin relaxation lengths that poses severe limita-
tions to their applications. It was found both theoretically [67] and experimentally [12, 69] that
graphene/TMD heterostructures make it possible to engineer a large proximity-induced SOC
in graphene while preserving its high electronic quality. Among the family of TMD materi-
als, WS, [12, 71], MoS [71] and WSe [28, 71] have all been demonstrated to induce a SOC in
graphene on the order of 1 10 meV that is multiple orders of magnitude larger than the
intrinsic SOC in pristine SLG.

The induced SOC originates from the hybridization of the graphene and TMD substrate
orbitals. The e ect of induced SOC on the low-energy band structure can be described by
virtual hopping terms[20, 65, 68]. At low energies, neglectingk-dependent spin{orbit terms,
two relevant SOC terms remain. The Valley-Zeeman term locks spin to valley and introduces
a valley-dependent spin-splitting of the bands and the Rashba SOC that originates from the
broken inversion symmetry of the heterostructure. The e ective Hamiltonians that describe
these two SOC terms take the following form [68]:

Hvz = vz "o%:; (2.13)
Hr= r( & "y&): .

Here, vz and g are the valley-Zeeman and Rashba spin{orbit strengths, = 1 is the usual
valley index and 4 and §; are the sublattice and spin Pauli matrices, respectively.

Using these, the low-energy band structure of SLG around theK valley in the presence of
di erent SOC terms is illustrated in Figure 2.5. Figure 2.5.(b) shows the spin-splitting of the
bands due to the valley-Zeeman SOC term vz = 1 meV. The color corresponds to the out-
of-plane spin polarization. It is important to note that this spin-splitting is valley dependent
and is opposite in the K' valley. Figure 2.5.(c) illustrates the e ect of the Rashba SOC with
r = 1meV. This term introduces a nite e ective mass in the low-energy band structure.
Contrary to the valley-Zeeman term, the Rashba term results in an in-plane spin texture where
the spin is perpendicular to the momentum [65, 68].

Finally, two important remarks must be made. First, although the reduced symmetry of
the graphene/TMD heterostructure allows the appearance of additional SOC terms, in real
devices, the strength and type of proximity-induced SOC show great variation due to sample
inhomogeneity. Furthermore, recent theoretical works [72, 73] showed that the strength of in-
duced SOC depends on the relative angle between the graphene and TMD layers. This suggests
that heterostructures assembled without controlling the rotation of layers can yield signi cantly
di erent results even if the device qualities are otherwise similar.

2.3.3 Proximity-induced spin{orbit coupling in bilayer graphene

The proximity-induced SOC in BLG can be treated with the same theoretical tools as in
SLG. The relevant SOC terms are again the valley-Zeeman and the Rashba-type SOC terms.
Due to historical reasons, the valley-Zeeman term is also referred to as the Ising SOC term
and its strength is denoted by . Although this could cause confusion, since it also labelled
the intrinsic SOC in case of SLG, the intrinsic SOC is too small to be experimentally detected
and is therefore simply neglected in the following. On the other hand, the larger unit cell
and the inequivalence of the two layers add more complexity to the problem. For example, the
induced SOC on the two layers can be di erent if the BLG is encapsulated between two di erent
materials or due to a di erent rotation angle of the top and bottom TMDs with respect to the
BLG layers. This is taken into account by considering di erent SOC strength parameters for
the di erent layers. In the basis of the 4 atom unit cell, (jCaz1i ;jCg1i ;jCa2i ;jCr2i) (j"i ;j#i)
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Figure 2.6: a-c) Calculated band structure around the K -point for di erent values of the
interlayer potential di erence u. Color scale corresponds to the spin polarization of the bands.

the SOC Hamiltonian is written as

0 1
bs,=2 i Bs 0 0
i b be —
I RS S;=2 0 0
H = R™* 1=z §; 2.14
so¢ % 0 0 ts,=2 i Ls (14
0 0 i ks, ls=2

where | and P are the Ising-type SOC strengths on the top and bottom layers, respectively,
and the Rashba-type SOC parametrized similarly with % and & [66, 74]. Here, as befores;,

with i = f0;x;y;zg, are the spin Pauli matrices ands = %(SX isy)with = 1 being the
valley index.

Combining Hsoc with Hg g from Equation 2.6, the low-energy spectrum of BLG in the
presence of arbitrary SOC strengths can be calculated, as it is discussed in detail in Refer-
ence [66]. The relative complexity of this system results in many interesting phenomena. From
a practical point of view, it is worth mentioning that Gmitra et al. predicted that BLG prox-
imitised by WSe, could be used as a spin transistor [75]. More importantly from the aspect of
this work, Island et al. experimentally showed that a band-inverted phase can arise in BLG
proximitised by WSe, from both sides if the induced Ising SOC strength for the two layers has
opposite sign[23].

To reveal this band-inverted phase arising from the Ising SOC in BLG, we show the low-
energy band structure of WSe/BLG/WSe » in Figure 2.6, calculated usingHg g and Hsoc.
The e ect of the WSe; layers in proximity of BLG can be described by the Ising SOC terms !
and ,b that couple only to the closer-lying layer of BLG and act as a valley-dependent e ective
magnetic eld. For WSe, layers aligned to the BLG layers, the induced SOC couplings will
have opposite sign for the top and bottom layers[73, 74, 76]. This is taken into account by the
opposite sign of t and P.

Figure 2.6.a-c show the calculated band structure around theK -point for di erent values of
the interlayer potential di erence u, using the parameter values | = P =2meV. First of all,
for juj>j tj=]j ij, we can see the opening of a band gap (Figure 2.6.a), as expected for BLG
in a transverse displacement eld. On the other hand, as opposed to pristine BLG, the bands
are spin-split and the direction of this spin-splitting is opposite for the valence and conduction
bands. This is a direct consequence of the opposite sign oft and P as the valence and
conduction bands are localised on di erent layers due to the largas. The band structure in the
K' -valley is similar, except that the spin-splittings are reversed due to time-reversal symmetry.
For juj = | Fbj (Figure 2.6.b), the u-induced band gap approximately equals the spin-splitting
induced by the Ising SOC and the bands touch. Finally, forjuj < j Fbj (Figure 2.6.c), a band
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gap re-opens and we observe spin-degenerate bands for 0, separated by a gap comparable
in size to the Ising SOC terms t lb =2 . This gapped phase is distinct from the
band insulating phase at largeu in that the valence and conduction bands are no longer layer
polarized, hence it is referred to as the inverted phase (IP). It is worth mentioning that the IP at
juj< | is topologically di erent from the trivial band insulating phase. Theoretical [21, 22]
and experimental [23, 24] works suggest that the IP hosts helical edge modes.

2.4 Electronic transport in graphene

2.4.1 Electric eld e ect

It was discovered early-on that graphene exhibits a strong electric eld e ect[34] that allows
the tuning of charge carrier concentration by external gate voltages. This can be understood in
a simple planar capacitor model which can be applied to many graphene-based Van der Waals
(vdW) heterostructures. A nite voltage di erence between the graphene layer and the gate
electrode will induce a charge carrier density proportional to the gate capacitance:

A
C="0"r—; (2.15)
d
where" is the vacuum permittivity, ", is the relative permittivity of the dielectric of thickness

d placed between the graphene layer and the gate electrode of aréda From this, the induced
charge carrier density as a function of the gate voltage:
C, . "o
n= —Vqg= —Vg; 2.16
eA Y ed ¥ (2.16)
where e is the electron charge andVy is the gate voltage.
In a di usive Drude picture, conductivity can be written as:
ne?

= = : 2.17
ne o ( )

wheren is the charge carrier density, is charge carrier mobility and , is momentum relaxation
time. In graphene, this equation can be brought to the following form:

Ve oo h

= = TP . (2.18)

WhElbe we used thatm = ~kg =V¢ due to the linear dispersion relation and that in two dimensions
k="n.

In transport measurements, usually, the conductanceG is measured, from which the con-
ductivity can easily be calculated using the geometric factors of the sample. This allows us to
obtain basic information about the quality of the sample by extracting the eld-e ect mobility:

1 de,
wedn’

(2.19)

wherel and w are the length and width of the sample, respectively.

It is also worth mentioning that, even though graphene is a semimetal with zero band gap
where electron and hole conduction are both achievable, in a real device it is impossible to set
the chemical potential exactly to the Dirac point, also referred to as charge neutrality point
(CNP), due to ever-present potential uctuations. This means that below a certain doping
level, the device breaks up into electron and hole regions, commonly referred to as puddles.
Therefore, another way to characterize sample quality is to determine the residual doping ,
which is the lowest homogeneous doping level achievable in the sample.
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Considering BLG, the situation becomes slightly more complex. While it is possible to tune
the charge carrier density with a single gate electrode as previously presented, it is evident that
it will also induce a potential di erence between the two graphene layers that eventually opens
a gap in the band structure. However, by introducing a second gate electrode to the system, it
is possible to control the charge carrier density and the transverse electric eld separately. This
can easily be realized in a planar system where the bilayer graphene is isolated from a top and
a bottom gate electrode by a dielectric as in Reference [77] and [78]. Here, the charge carrier
density and the transverse electric eld can be calculated by extending the previous planar
capacitor model. For this we have to solve the following set of equations:

ob Vo Mo, ot i VMo
=06 Y %o, ot ¥t W0 2.20
: e dp e o ( )
E = Voo Vim Vi VtO; (2.21)

dp d

where the indexb (t) labels quantities describing the bottom (top) gate electrode, whileV;q and
Vo account for the shift of the Dirac point due to contaminants in the sample or electric elds
built into the structure. From this, one can express the gate voltages at a given charge carrier
density and electric eld:

dp t0pdy
Vp = Vo + _ +E ——— 2.22
b= Yo bdp+ 0k bdo+ 0k (222)
d oot
Vi = Vio + _ E —— ; 2.23
t= Yol bdp+ 0k bdp+ 0k (223)
where we introduced the lever arm = "y",=(de) for each gate electrode.

2.4.2 Weak antilocalisation

In di usive systems, charge carrier trajectories in a conductor can form closed loops due to
a series of scattering events, as it is illustrated in Figure2.7. In a system with time-reversal
symmetry, such a loop and its time-reversed pair will interfere with each other. Let us denote
the complex quantum mechanical amplitudes of these paths bA™ and A for a given loop and
its time-reversed path, respectively. Now if we calculate the probability of the particle returning
to its starting point it reads:

Pam = JA" + A 2= JA*2+JA P+ A* A + ATA (2.24)

Since time-reversal symmetry requires thatA™ = A = A, the above expression simply
gives usPqm = 4A2? = 2P, which means that the probability of backscattering in a quantum
mechanical treatment is twice the probability P calculated in a classical picture without tak-
ing into account the interference terms. This phenomenon is called weak localization, which
eventually results in an increase in resistance compared to the classical case.

By applying an external magnetic eld perpendicular to the plane of the conductor, time-
reversal symmetry can be broken. Charge carriers moving around the loop in opposite directions
will pick up an Aharonov-Bohm phase ag of opposite sign and the quantum mechanical
amplitudes will be A = Ae ' #8 | As a consequence, the interference condition at the starting
point will also depend on the applied magnetic eld:

Pgm = 2A%+2A%cos (2SB=); (2.25)

where B is the applied out-of-plane magnetic eld and S is the area enclosed by the loops.
Since many loops with di erent areas contribute to the conductance, the interference terms will

14



Figure 2.7: Charge carriers in a di usive picture can form closed loops after several scattering
events. In case of time-reversal symmetry, a loop and its time-reversed path can interfere
constructively, resulting in an enhanced back-scattering. Figure adapted from Reference [79].

average out at larger magnetic elds. This means that weak localization results in a dip in the
magneto-conductance at zero magnetic eld.

On the other hand, in the presence of strong spin{orbit coupling, the spin of the electron
on such a pair of trajectories rotates in opposite direction during the scattering process. Even
though the nal spin states are random, on average this will result in a destructive interference
and thus in a decreased resistance compared to the classical case [80]. This phenomenon is called
weak antilocalization (WAL).

In this work, WAL is employed as an experimental tool to obtain the spin-orbit strengths
in SLG as shown in Chapter4. In the case of single-layer graphene, the quantum correction to

the magneto conductivity in the presence of strong SOC is given by:
n ! !
2 1 1
B\ - F B | _ B
(B) 2 1 Ly2 o6
X ¥ (2.26)
2F B :

1 1 1
+ asy ¥ sym

where F (x) = In( x) + (1 =2+ 1=x), with ( x) being the digamma function, g 1 = 4eDB=~,

whereD is the di usion constant, is the phase coherence time, sy is the spin{orbit scattering
time due to SOC terms that are asymmetric upon z/-z inversion Hgr) and sym is the spin{
orbit scattering time due to SOC terms that are symmetric upon z/-z inversion (H,, Hyz).
The total spin{orbit scattering time is given by the sum of the asymmetric and symmetric rate
s6 = asst sym. I general, Equation 2.26 is only valid if the intervalley scattering rate ,
is much larger than the dephasing rate ! and the rates due to spin{orbit scattering as§,
sym [79].

To relate the spin{orbit scattering times to spin{orbit strengths, di erent spin relaxation
mechanisms have to be discussed briey. Theoretical works[81, 82] showed that the intrinsic
and the Rashba SOC relax spins via the Elliot-Yafett mechanism. In this case, scattering events
can result in spin- ips due to the presence of SOC. As a consequence, the spin lifetime scales
linearly with the momentum scattering time:

= - (2.27)

where is a proportionality constant speci ¢ to the given type of SOC. For the experimentally
relevant Rashba SOC it is given by:

R= R (2.28)



whereEk is the Fermi energy. Therefore, in principle, Equation 2.27 allows to determine r from
the asymmetric spin relaxation time sy Obtained from magneto conductance measurements.
On the other hand, the Dyakonov-Perel spin relaxation mechanism [83] originates from spin
precession between scattering events due to the e ective spin-orbit eld. Contrary to the Eliott-
Yafett mechanism, here, the spin lifetime is inversely proportional to the momentum scattering
time, since scattering randomizes the direction of the spin{orbit eld and leads to longer spin
lifetimes. For the Rashba SOC, the spin relaxation time due to the Dyakonov-Perel mechanism

is given by [79]:
_ 2

- 1.
= — : 2.29
S 2 R p ( )
Furthermore, it was shown [84] that the valley-Zeeman SOC can also lead to a spin relaxation
via the Dyakonov-Perel mechanism. However, in this case intervalley scattering is needed to
randomize the spin{orbit eld direction and the above expression is modi ed:

s = o (2.30)

where j, is the intervalley scattering time.

2.4.3 Quantum Hall e ect

It is well known that charge carriers moving in a magnetic eld experience a Lorentz force
accordingto F_. = gv=  B. As a consequence, if we apply a perpendicular magnetic eld to
a two-dimensional conductor in which a current| is owing in a given direction, a transverse
electric eld will appear perpendicular to the direction of the current and the applied magnetic
eld. This phenomenon is called the classical Hall e ect, in which the Hall voltage related to
the above electric eld can be given byVy = IB=(en) and the Hall resistance isRxy = B=(ne).

In a quantum mechanical picture, let us consider the problem of a free electron in a magnetic
eld with the Hamiltonian:

H(pin) = o[+ eA (] (231)

where in Landau gauge the vector potential isA =(0,Bx,0) with B=rot A. By introducing the
cyclotron frequency! . = eB=m this can be written in the following form:

1
H(pin) = 5o B+ (py+ ml ox)?+ p2 ™ (232)

By solving the Schmdinger equation with this Hamiltonian one can easily nd that the x vy
and z directions decouple and the solution to the former part can be described by a simple
harmonic oscillator. The energy eigenvalues will then look like:

~2k2 1

En= =2+~ N+ =
N om c 2

; (2.33)

whereN = 0;1;2... andk; is the out-of-plane wavenumber. Therefore, in a two-dimensional
system, e.g. a 2D electron gas, where one can omit the term describing thedirection due to
con nement, the energy spectrum will consist of equidistant energy levels, commonly known as
Landau levels (LLS).

The appearance of Landau levels has a signi cant impact on transport properties. In a
nite sample at large magnetic eld the longitudinal resistance Ryx becomes zero, while the
Hall resistance Ry, becomes quantized at values oh=(e? ) with =2;4;6;::: being a positive
integer. This can be understood in a simple picture where the con ning potential of the sample
causes the LLs to bend upwards (or downwards for holes, see Figure2.8.a) at the edges of
the sample leading to the formation of edge channels. Charge carriers on these edge channels
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Figure 2.8: a) Landau level structure including the chemical potentials of electrodes 1 and 4
of the setup in b): a Hall-bar geometry at ling = 6, with current injected in contact 4
and grounded in 1, and voltmeters between two pairs of oating contacts. Due to LL bending,
propagating states (red and orange arrows) are formed at the edges, where the chemical poten-
tials intersect - in this example - the Oth and 1st LLs, as highlighted by red and orange circles.
Because of the Landau gap, edge states are spatially separated by insulating regions. Figure
adapted from Reference [85].

move in one direction and there is no scattering between channels of opposite directions due to
the large spatial separation which results in no backscattering and eventually zero longitudinal
resistance (e.g. between contacts 2 and 3 in Figure 2.8.b).

It is worth noting that this quantum mechanical picture is only valid if the electrons can
move several times around the cyclotron orbital between two elastic scattering events when
~l . ~=¢. From this, the relation B 1= can be approximately derived which gives us
a practical tool to estimate charge carrier mobility from the magnetic eld strength at which
guantum oscillations in the conductivity are visible. Furthermore, it is also required that the
thermal energy kg T, with kg being the Boltzmann constant, should be negligible compared to
the energy spacing of the LLs.

The LLs in single-layer graphene can be obtained by solving the Dirac equation in a per-
pendicular magnetic eld. The energy eigenvalues are the following:

En = sgn(N)vFp 2e~BjNj: (2.34)

From this, it is easy to see that the lowest LL is at zero energy being half lled by electrons and
half lled by holes. Furthermore, the square-root dependence orN results in non-equidistant
level spacing. The transverse conductivity takes the form:

_ 4€? 1,
xy = T(N + 5), (2.35)

where the factor of 4 comes from the valley and spin degeneracy of the conducting channels
(Figure 2.9.(a)). At higher magnetic eld values, due to the Zeeman e ect and electron-electron
interactions [86, 87], the spin and valley degeneracy can be lifted and quantized conductance at
all integer values ofe?=h can be observed.

Since the charge carriers in bilayer graphene are massive, the Landau level spacing is equidis-
tant and described by [88]:

Ey = cp N(N 1) (2.36)

From this, it is trivial that the LLs N =0 and N =1 both lie at zero energy which leads to an
eight-fold degeneracy, while the other Landau levels are four-fold degenerate. As in single-layer
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Figure 2.9: Schematic of the dependence of the Hall conductivity x, on carrier density n for
(a) single-layer graphene and (b) bilayer graphene, wheré g = h=eis the ux quantum and B
is the magnetic eld strength. Figure adapted from Reference [89].

graphene, this Landau level is half- lled by holes and half- lled by electrons. ForN 2 Z, the
transverse conductance is given by:

xy = 4E2N (2.37)

2.5 Superconducting phenomena

Superconductivity was discovered as early as 1911 by H. Kammerlingh Onnes when he
measured the temperature dependence of di erent materials in ligiud helium environment[90].
It is the peculiar phase of matter that is characterized by perfect conductivity and perfect
diamagnetism (Meissner{Ochsenfeld e ect[91]).

The microscopic theory of conventional superconductors was developed by Bardeen, Cooper
and Schrie er (BCS theory). The basic idea of the theory is that the Fermi-sea of electrons is
unstable against the formation of bound electron pairs in the presence of an attractive interac-
tion. Therefore, the result of an e ective attraction due to electron-phonon interaction is the
formation of Cooper pairs | electron pairs with opposite momenta and spins [92]. From a phe-
nomenological aspect, a superconductor is described by a complex order parameter F jée' ,
with its absolute value equal to the superconducting gap or, in other words, the binding energy
of the Cooper pairs.

2.5.1 Josephson e ect

The Josephson e ect occurs in so-called Josephson junctions (JJs) where two superconduct-
ing leads are connected by a weak link. What Josephson predicted in his original work [93] is that
in a superconductor-insulator-superconductor (SIS) tunnel junction a zero voltage supercurrent
Is can ow without voltage drop between the two superconducting electrodes:

ls = lcsin( ); (2.38)

wherel ¢ is the critical current, the maximum supercurrent that the junction can sustain, and '

is the phase di erence of the order parameter in the two leads. This phenomenon is known as
the DC Josephson e ect. It is common to refer to Equation 2.38 as the current{phase relation
(CPR). Furthermore, the voltage V over the junction and the time evolution of the phase
di erence are also connected by the second Josephson equation:

d _ 2ev.
dat = ~

(2.39)
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This implies that if a DC voltage is applied to the junction, an AC current of frequency 2eV/~
will ow, also known as the AC Josephson e ect. Equations 2.38 and 2.39 are commonly referred
to as the rst and second Josephson equations, respectively.

Let us consider a magnetic eld B applied perpendicular to the plane of the Josephson
junction (Figure 2.10). This magnetic eld induces a relative phase shift between di erent
supercurrent trajectories which interfere at the contacts and generate an interference pattern
that is related to the Fourier transform of the spatial distribution of the supercurrent in the
sample.

Figure 2.10: a) Schematics of an SIS Josephson junction. In a Josephson interferometry mea-
surement the critical current is measured as a function of the magnetic eld applied perpendicu-
lar to the plane of the sample. b) For homogeneous distribution of the supercurrent density the
resulting pattern is c) the well-known Fraunhofer di raction pattern. Panels b) and c) adapted
from Reference [94]

To be more quantitative, let us consider an ideal junction with sinusoidal CPR, assuming the
device size in the plane perpendicular to the eld is much larger than the magnetic penetration
depth:

Js(x) = J(x)sin(" (x)); (2.40)

wherej is the maximum supercurrent density. The relative phase shift between two supercurrent
path depends on their enclosed area. Assuming that the Josephson supercurrent does not screen
the eld within the junction, i.e. the Josephson penetration depth is much larger than the JJ,
this means that the superconducting phase at a given positiorx can be written as:

2 (%), (2.41)

"(X)="ot

where' o = ' (x = 0) is a reference phase, o = h=2e is the superconducting ux quantum and
( x)= B S(x) is the magnetic ux with S(x) = L x being the area enclosed. From this, the
total supercurrent can be given as:

Z w=2
Js(3' o) = szdxj (x)sin(" o+ x); (2.42)

where =2 BL= . Using that | can be written as the sum of an oddj, and evenj, part,
this can be further expressed as:

Z W=2 Z Ww=2

Js(;' o) =sin(" o) szdxje(x)e“‘ i cos( o) szdxjo(x)eix (2.43)
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Figure 2.11: a) Equivalent circuit for a realistic Josephson junction consisting of (from left to
right) a normal resistance, an ideal JJ and a shunt capacitor. b) Analogy between the phase of
the Josephson junction and the motion of a massive particle in the tilted washboard potential.

Assuming an even current distribution, the maximum supercurrent Jo can be given by the
Fourier transform of j¢:

Z =2 _
Jeo( ) = dxj e(x)€'* : (2.44)
=2
However, measurements can only reveal the absolute value df, such that:
Z =2 _
le( )= 13c( )= dxj e(x)€' (2.45)

By calculating the inverse Fourier transform of J;, the spatial distribution of the supercur-
rent can be calculated. For this reason, measurement of the Fraunhofer di raction pattern has
become a common tool in the analysis of Josephson junctions, from the detection of edge cur-
rents [94, 95] to the mapping of the supercurrent distribution in di erent con nements [96]. For
homogeneous current distribution the Fraunhofer di raction pattern is obtained, as illustrated

in Figure 2.10.(b,c).

2.5.2 RCSJ model

The Josephson equations describe an ideal JJ. However, to gain insight into the dynamics
of a realistic junction, a more complex model is needed. In the resistively and capacitively
shunted junction (RCSJ) model, the physical junction is built up of an ideal junction, shunted
by a normal resistor and a capacitor, as it is shown in Figure 2.11.(a). Noise (e.g. thermal noise)
can also be included in the model as a uctuation current source.

Neglecting the noise and using Kirchho 's law, the current in the junction can be written
as:

| =lg+ N+ lc: (246)
Using the Josephson equations this can be further expressed as:
] 21
| = Igsin + =09 ¢ 00 . (2.47)

R2 dt 2 dt2’
whereR and C are the shunt resistance and capacitance respectively. The usual way to interpret

this equation is to draw an analogy with a particle of massM moving in a potential U with

damping , since it can be rewritten in the following form:
d2| d|
—+ —+ =0: -
M a2 at ru=0 (2.48)
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Figure 2.12: Current{voltage characteristics of a) an overdamped and b) underdamped Joseph-
son junction. The arrows indicate the direction of the current variation. Figure adapted from
Reference [97].

The mass of the phase particle and the damping can be expressed as:

M= — C; (2.49)

; (2.50)

and the potential can be written in the form:

I
U=Ejo 1 cos + —' ; (2.51)

lc

whereE ;o = ~l =2eis the Josephson coupling energy and U is referred to as the tilted washboard
potential that is illustrated in Figure 2.11.(b).

In this analogy, two distinct regimes can be discussed. In case of small mass and large
damping (small RC product) the junction is overdamped Upon increasing the current, and
the tilt of the washboard potential, the junction stays in the zero voltage state until the critical
current is reached since the particle is residing in a potential well and there is no time-evolution
of the phase. However, at larger currents the phase particle moves down the potential well
and the continuous evolution of the phase results in the appearance of a nite voltage on the
junction. When reducing the current from above I, the particle gets trapped in a potential
well when | is reached and the junction jumps back to the zero-voltage state. This is shown
in Figure 2.12.(a).

In case of anunderdamped junction, when the mass is large and the damping is small (large
RC product), the junction will also stay in the zero voltage state until the current reaches | .
However, when decreasing the current, the massive particle can move down the potential well
even if there are local minima due to the small damping and therefore the junction will stay
in the nite-voltage state even below |, and will only jump back to the zero-voltage state at
the so-called retrapping currentl,. As a result, in case of an underdamped junction, the KV
curves become histeretic, as it is illustrated in Figure 2.12.(b).

One important remark about the zero voltage state is that the phase particle is not stationary
at the bottom of the potential well but it is oscillating at the plasma frequency[97]:

P — =
o= 2el=C 1 (I=1)2 ™" (2.52)
In this state, the time-averaged d'=dt and voltage is zero.
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Figure 2.13: Schematic illustration of the macroscopic quantum tunneling and thermal activa-
tion. These processes can result in the escape of the phase particle from the potential well when
| <I ¢ and switch the Josephson junction into the nite voltage state.

2.5.3 Stochastic switching in Josephson junctions

The RCSJ model provides a framework for modeling realistic JJs. However, it is important
to note that it cannot account for probabilistic events that cause the premature switching of a
JJ such as macroscopic quantum tunneling (MQT) and thermal activation (TA) as illustrated in
Figure 2.13. MQT is the quantum tunneling of the phase particle at low temperatures through
the potential barrier of the tilted washboard potential. If the damping is small, once the phase
particle escapes from the potential well, it can run down the washboard potential, and the JJ
switches to the nite-voltage state. When the current through the JJ is ramped from zero
towards the critical current, the probability distribution of switching at a given current value
I s is given by [98, 99]:

Z .
P(ls) =[( ls)=(dI=dt)] 1 P(1%dI® ; (2.53)
0
where |, is the escape rate anddl=dt is the current ramp rate. The escape rate in the MQT
regime is given by [100]:
" 1=2 #
. — I .
mor = 120 r2 U P exp 72- Y 1, 087 : (2.54)

whereQ = ! ,RC is the quality factorand U =2Ej0 (1 2?2  cos! is the potential
barrier (see Figure 2.13) with E;q = ~I .=2e being the Josephson energy and = I=l.. These
two equations practically state that when thermal e ects are negligible, the phase particle will
attempt to escape from the potential well at a rate related to the plasma frequency and the
probability of switching is increasing as the current is increased since the height and the width
of the potential barrier is gradually decreasing as the washboard potential is tilted. MQT was
experimentally detected in both SIS[101] and S-graphene-S (SGS)[102] junctions.

At larger temperatures, the phase particle can get excited out of the potential well by
thermal uctuations. The escape rate in this thermal activation regime is given by [102]:

Ta = a(lp=2 )exp[ U=kgT]; (2.55)

where T is the temperature and a; = (1 +1 =4Q?%)¥? 1=2Q is a damping dependent factor. It

is easy to realize that the escape rate in the thermally activated process increases exponentially
with T and it is usually the dominant switching process in experiments above 100mK for
typical junctions. More precisely, the cross-over temperature between the MQT and TA regimes
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Figure 2.14: Probability of switching P (1) in the thermal activation regime with dl=dt =
10 3 AJs for a) dierent temperatures T and xed I =1 A and b) di erent values of |. and
xed T =500mK. As T is increased, the junction switches at lower and lower current values and
the width of the probability distribution function is increasing. The width of the distribution
also increases withlc.

is given by T¢r = a~! y=kg. The probability of switching P(l) is shown for di erent examples
in the thermally activated regime in Figure 2.14.

It is also important to note that, at even higher temperatures, thermally activated retrapping
can occur. The phase particle can be excited out of the potential well and retrapped conse-
guently multiple times which results in the appearance of a nite time-averaged voltage below
| . and the narrowing of the SCD with increasing temperature. This phase di usion regime was
predicted by Monte Carlo simulations in Reference [103] and demonstrated experimentally in
graphene-based JJs[102].

2.5.4 Current{phase relation

The current{phase relation given in Equation2.38 is valid for SIS tunnel junctions, the
problem originally investigated by Josephson. On the other hand, the weak link does not need
to be an insulating barrier. Andreev re ection [104] allows the transport of Cooper pairs through
a normal-superconductor (NS) interface. In an SNS junction, a series of Andreev re ections
result in the formation of Andreev bound states (ABSs) [105]. For a single conduction channel
in the ballistic, short junction limit where the length of the junction ( L) is smaller than the
superconducting coherence length (), the ABS spectrum takes the following form [106]:

q
E()= 1 sin?('= 2); (2.56)

where is the transmission of the channel. From this, the current carried by the single conduc-
tion channel can be given by:

2e@E_e sin(" ) '
~@' h "1 siP(=2)

Is(")= (2.57)

For practical purposes (see Chapter6), it is sometimes useful to normalise the Andreev
formula given in Equation 2.57 and use the following form:
sin() sin(' )
Is(")=1I¢p max p : 2.58
()= lePr—10 (=2) 1 siP(=2) (2.58)

This is shown in Figure 2.15.(b) for di erent values of . Inthe ! 0 limit, the Andreev
formula reduces to the sinusoidal CPR predicted by Josephson for SIS junctions. Furthermore,
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Figure 2.15: a) Schematic illustration of an SGS Josephson junction. Two superconducting leads
(yellow) are connected by a short graphene section. The supercurrent owing in graphene is
determined by the macroscopic phase di erence of the two leads via the current{phase relation.
b) Supercurrent I as a function of the phase di erence' according to the Andreev formula
given in Equation 2.58 for di erent values of . For 1, the CPR is sinusoidal and becomes
skewed as increases.

as increases, the CPR becomes more and more skewed. It is worth mentioning that the non-
sinusoidal behaviour can also be described by expressing the CPR as a Fourier series [107, 108]:

X
IsC )= ( ¥ acsink' ): (2.59)
k

Here, higher frequency terms describe higher order Andreev processes that are increasingly
sensitive to phase decoherence. Nevertheless, tlag coe cients and  contain the same infor-
mation, the skewness of the CPR.

An important property of CPRs described by both Equations 2.38 and 2.58 is that they yield
Is(" = 0) =0. This means that no supercurrent can ow without a nite phase di erence.
This property is protected by time-reversal and spatial parity symmetries[109{111]. However,
the presence of SOC and magnetic eld can break these symmetries. When these symmetries
are lifted, a nite phase shift ' o can appear in the CPR. This can simply be included e.g. in
Equation 2.57 by the substitution * ! ' with ' ="' + ' o. This leads to a nite supercurrent
even when' =0, also known as the anomalous Josephson e ect. For a ballistic system with
Rashba SOC and in{plane magnetic eld, the' ¢ phase shift is given by [111]:

_4E; gL

0= 3
(~vr)?

where E; is the Zeeman energy, r is the Rashba coe cient, L is the junction length and vg is

the Fermi velocity. Reference[111] also gives an estimate for theg phase shift in the di usive
regime:

(2.60)

, m 2Ez rL 3

0= 3~6é T, (2.61)
where , is the momentum scattering time, m is the e ective mass and D is the di usion
constant. Phase shifts originating from the interplay between in-plane magnetic eld and SOC
has been experimentally detected in InAs and InSb Josephson junctions [109{112]. To provide
similar equations that can be applied to graphene requires further theoretical e orts taking into
account the di erent SOC terms. However, the presence of & ¢ phase shift is connected to the
appearance of the superconducting diode e ect[112] (SDE). The SDE refers to the asymmetry
of the critical current in the positive and negative current direction and has been demonstrated

in a variety of Josephson junctions[113{120].
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Figure 2.16: Schematics of a DC SQUID. Two Josephson junctions are connected in parallel
by a superconducting loop (yellow). The phase dierences of the two junctions,’ ; and ' »
are connected by the magnetic ux threading the superconducting loop via the relation
"o '1=2 = o,where g isthe magnetic ux quantum.

2.5.5 SQUID

To measure the CPR of a Josephson junction, it is essential to be able to tune the phase
di erence across the junction. This is made possible by using a superconducting quantum
interference device [121] (SQUID). A DC SQUID is schematically illustrated in Figure 2.16, it
consists of two JJs embedded in a superconducting loop. It can be shown that in such a
con guration, the phase dierences of the two junctions, ' 1 and ' ,, are connected via the
relation:

2 —0='2 1 (2.62)
where = B A is the magnetic ux threading the loop, B is the magnetic eld applied per-
pendicular to the plane of the loop, A is the loop area and ¢ = h=2e is the magnetic ux
guantum. Historically, this property enabled the precise measurement of very small magnetic
elds that lead to practical applications such as scanning SQUID microscopy [122] and mag-
netoencephalography[123]. More importantly for us, it also enables the measurement of the
CPR[124]. This method is discussed in the following.

For simplicity, let us assume sinusoidal CPR of the formls.1 = I¢asin( 1) (Is2 = le2sin(’ 2))
for junction 1 (junction 2). Since the two phase di erences are connected by Equation 2.62, the
supercurrent is junction 2 for a given can be expressed ads.2(' 1; )= lc2sSin(2 = o+ ' 1).
Using these, the total supercurrent in the SQUID is simply Is(" 1; ) = ls1(" 1)+ Is2(' 1;)
for a given (' 1, ) pair. From this, the critical current |, of the SQUID, the maximum allowed
supercurrent, can be numerically calculated as:

lc=max flcisin( 1)+ lc2sin(2 = o+ ' 1)0: (2.63)

1
The resulting critical current as a function of the magnetic ux is shown in Figure2.17.(a),
calculated numerically for di erent ratios of I¢1=I¢2. In analogy to the CPR of a single JJ,

this is often referred to as the current{ ux relation (C R). For a symmetric con guration with
lc1 = lc2, the C R can be analytically calculated and is given by:

Ilec;lzlc;Z = 2|C;2j COS( = O)j: (264)

In the asymmetric case wherd .1 |2, the critical current can be maximised by keepingl s:»
maximal with ' = =2 and only changingls via ' 1. From this, it follows that the C R in
the asymmetric con guration contains the CPR of junction 1 o set by |¢2:

leiigy 1o, = leaSin(=2 2 = o)+ lg2: (2.65)
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Figure 2.17: a) Numerically calculated critical current{ ux relation of a DC SQUID assuming
sinusoidal CPRs for the two junctions. The critical current of the SQUID 1. as a function of
the magnetic ux for di erent values of |1 in units of I¢2. Red dashed line shows the function
de ned by Equation 2.65 with 11 = 0:1l¢» for comparison. b) Phase di erences 1 and ' , of
the two JJs as a function of for di erent values of I.3. Shades of blue correspond t6 ; and
red to ' ».

This is further conrmed in Figure2.17.(b) where the phase dierences are shown as a
function of for the three I.1=l¢ ratios used in Figure2.17.(a). It can be seen that in the
symmetric con guration, ' ; and' » change simultaneously with the same absolute rate, while
in the asymmetric con guration, we obtain ' » =2 and' 1 changes roughly linearly with .
Therefore, the asymmetric SQUID allows the measurement of the CPR of the junction with
the smaller critical current if the asymmetry is su cient. It is important to emphasize that for
intermediate asymmetry, the two phase di erences evolve nonlinearly with and the resulting
C R is nonsinusoidal, as it is clearly visible in Figure 2.17 forl ¢.1=lc2 = 0:5.

Although it is challenging to estimate the necessary asymmetry of the critical currents to
measure CPR, the ratio used in experimental works typically ranges froml¢.1=l¢2 = 0:2 to
0.01[124{129]. As detailed in Reference [130], the necessary asymmetry depends on the shape
of both CPRs. Generally, more exotic CPRs with sharp features, such as ABS with large
or saw-tooth functions, require larger asymmetry to be directly measured. For this reason, it
is important to carefully analyze the measured C R and con rm that the true CPR can be
extracted. For the measurements presented in this work, this is detailed in Chapter 6.

2.5.6 Multiterminal Josephson junctions

Multiterminal Josephson junctions (MTJJs) consist of a single scattering region connected
to multiple superconducting terminals. This is illustrated in Figure 2.18. In analogy to a simple
JJ, an MTJJ with N terminals can be described byN 1 independent phase di erences and
the phase di erence between a pair of terminals can be tuned by local magnetic elds using
superconducting loops similarly to SQUIDs. These systems gained considerable attention in
recent years after theoretical works showed that the ABS spectrum in theN 1 dimensional
phase space can host Weyl points and, therefore, provide a platform to simulate the band
structure of topologically non-trivial materials[32, 131{146]. Furthermore, recent experimen-
tal works showed that ABSs can hybridize between multiple terminals [147{150]. Theoretical
predictions [151{156] and experimental works [157{161] also suggest that MTJJs can give rise
to multiplet supercurrents where supercurrent is carried by multiple entangled Cooper pairs.
MTJJs are also ideal systems for realizing the Josephson diode e ect since inversion symme-
try breaking can be realized simply by current-biasing in a suitable geometry [162] or by small
magnetic elds[163{165], regardless of the weak-link material and without the need for large
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Figure 2.18: Schematic illustration of a multiterminal Josephson junction. N superconducting
terminals are connected to a single scattering region. Phase di erences between pairs of termi-
nals can be tuned by local magnetic elds using superconducting loops.

SOC.

In spite of the numerous exotic phenomena proposed theoretically, many of the experimental
works found that basic transport properties of MTJJs can be described by an RCSJ network, in
which each pair of terminals is connected by an RCSJ element. This relatively simple approach
is able to qualitatively capture features of current-biased measurements, such as the coexis-
tence of normal and supercurrents between di erent terminals [159, 160, 166{168] and multiplet
resonances[159, 168]. This model, along with its limitations, is investigated in Chapter7 for
three-terminal MTJJs.
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Chapter 3

Experimental techniques

In this chapter, the experimental techniques used throughout the rest of this work are
presented. First, we discuss the fabrication of electronic devices based on Van der Waals het-
erostructures. This involves the exfoliation of 2D materials, the assembly of heterostructures
and the fabrication of electronic contacts using electron beam lithography. In the second part
of the chapter, the measurement techniques are presented, including the typical equipment for
low-temperature transport measurements. The measurement of stochastic switching events in
Josephson junctions is also discussed.

3.1 Fabrication of Van der Waals heterostructures

3.1.1 Exfoliation of 2D materials

Multiple methods exist for the large scale production of graphene and other 2D materials,
such as electrochemical [169] and shear exfoliation in liquids[170]. Furthermore, high-quality
few-layer crystals can also be synthesized by chemical vapor deposition (CVD)[171]. These
methods are especially promising for the industrial scale production of electronic devices based
on Van der Waals heterostructures. However, to this day, mechanical exfoliation remains the
easiest and most hassle-free solution to produce thin akes of 2D materials for research purposes.
Mechanical exfoliation is the process of isolating single- or few-layer thick akes from bulk
crystals by repeated peeling using an adhesive tape [34, 36]. Since the layers in 2D materials are
held together by weak Van der Waals forces, by pressing a bulk crystal against an adhesive tape
multiple times, the tape can be populated with akes that detach from the remaining bulk part.
After this, the tape is pressed onto a Si substrate covered with Si@ and, due to the adhesion
between the SiQ and the akes of 2D materials, these akes can be cleaved again and even
thinner akes can be transferred to the substrate.

The choice of a suitable substrate is of the utmost importance in the search for single-
or few-layer crystals and particularly for graphene. Few-layer graphene is almost completely
transparent. However, it can be identi ed on the Si/SiO, substrate by optical microscopy due
to interference e ects. The presence of graphene modi es the optical path of the illuminating
light and changes the intensity of re ected light. As detailed in Reference [172], the intensity of
light re ected from a Si/SiO ,/graphene structure in case of wavelength and normal incidence
can be calculated using Fresnel's law:

|(nl): rlei( 1+ 2) + roe i( 1 2) + rze i( 1+ 2) + rlrzrsei( 1 2)

g1t 2 4pire 01 2 ppprge 1017 2 4 porad(n 2) . (3.1)

29



Figure 3.1: a) Optical contrast of SLG as a function of wavelength and oxide thicknessdsio,
calculated from Equation 3.1. b) Optical contrast of SLG (blue) and BLG (red) as a function of

for dsio, = 285nm used typically for mechanical exfoliation. In practice, the green channel
intensity of optical images is used to determine the contrast. The relevant wavelength range is
highlighted in green.

with

r= :2+ :i (3.2)
n n

rp= ni+ nz; (3.3)
n n

rs= ﬁ; (3.4)

L= 2Mad g (3.5)

,= 2N, (3.6)

Here,ng = 1, ny, n» and n3 are the refractive indices of air, graphene, Si@ and Si, respectively.
Furthermore, ry, ro and rz are the re ection coe cients from the surface of graphene, SiG and
Si, respectively. Siis assumed to be semi-in nited; and d, are the thicknesses of graphene and
SiO,. The contrast of graphene on SiQ can be calculated using the re ected intensity in the
presencel (n; 6 1) and absencel (n; = 1) of graphene as:

_1(ni=1) 1(n).
C= (=1 : (3.7)
Using refractive indices for Si and SiQ from refractiveindex.info [173] andny =2:6 1:3i

for graphene[172], the contrastC is shown in Figure 3.1.(a) for SLG with d; = 0:33nm as a
function of in the visible spectrum and d; = dsjo,. From this, it is easy to realize that the

optical contrast of graphene depends greatly on the thickness of SiD Furthermore, graphene
gives a reasonably large contrast for a wide range asijo, and, in principle, can be identi ed

by using appropriate optical Iters.

In practice, we use Si wafers with an oxide thickness oflsio, 285 10nm and an optical
microscope with white illumination that yields a reasonably good contrast. This not only
allows experienced users to nd few-layer graphene akes, but also to distinguish SLG and
BLG from thicker akes. As it is shown in Figure 3.1.(b), the highest calculated contrast for
BLG (d; = 0:66 nm) is almost twice the contrast calculated for SLG @1 = 0:33nm) for
dsio, = 285nm. For a quantitative analysis of the contrast, we analyze the green channel
intensity of optical images and calculate the contrast similarly to Equation 3.7. This method
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Figure 3.2: a,b) Green channel data from optical microscopic images of SLG and BLG. Scale
bar is 25 m. c¢) Intensity por les along the arrows in panels (a) and (b). SLG and BLG can
be clearly distinguished by their optical contrast.

Figure 3.3: a,b) Optical microscopic images of hBN and WSg Thickness are 25 nm and 15
nm, respectively. Scale bar is 25m.

yields a typical contrast of 4 7% for SLG and 10 15% for BLG, depending on the
variation of oxide thickness and camera settings. Figures 3.2.(a) and 3.2.(b) show optical images
of an SLG and a BLG ake, respectively. The green channel intensity is shown in a grayscale
representation. Figure 3.2.(c) shows line cuts along the respective arrows in panels (a) and (b).
The two curves yield a contrast of 4% for SLG and 11% for BLG.

In addition to graphene, two other 2D materials are important for this work. Firstly, hexag-
onal boron nitride (hBN) is an insulator with a crystal structure similar to graphene. The
role of hBN in graphene-based van der Waals heterostructures is to isolate graphene from the
disordered SiQ substrate and protect graphene from contamination. SiQ has signi cant sur-
face roughness on the atomic scale and contains charged surface states and impurities which
introduce disorder in graphene and limit charge carrier mobility. On the other hand, hBN can
be mechanically exfoliated similarly to graphene, resulting in atomically at surfaces. Further-
more, the lattice mismatch between graphene and hBN is small, only 1.7%, making hBN an
ideal substrate for graphene. By placing graphene on hBN, a signi cant improvement in device
quality can be achieved compared to early graphene/Si@ devices [42]. Encapsulating graphene
between two layers of hBN can improve device quality even further by protecting graphene from
polymer residues during the contact fabrication process[174]. The ideal thickness of hBN akes
is 20 40nm. Thinner akes cannot e ciently isolate graphene from its environment, while
too thick layers complicate the fabrication of electric contacts. The thickness of hBN akes can
be approximately determined by optical microscopy based on the interference color on SiO A
25 nm thick hBN ake is shown in Figure 3.3.(a).
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Figure 3.4: Schematic illustration of the stacking process. a) A PDMS/PC structure is brought

in contact with the desired 2D material at T = 80 C. When the PDMS/PC structure is re-
tracted, the ake is picked up from the Si/SiO , substrate. b,c) Further layers are picked up
sequentially, making use of the van der Waals forces between the akes. d,e) The assembled
heterostructure is placed on a Si/SiQ substrate with prede ned markers assisting the lithog-
raphy process. The PC layer is delaminated from the PDMS atT =180 C. f) PC is dissolved

in chloroform, leaving behind the assembled heterostructure.

As discussed in Section 2.3, by placing graphene close to a TMD layer, a large SOC can be
induced via the proximity e ect. In this work, we use WSe, for the investigation of proximity-
induced SOC in graphene. WSeg can also be mechanically exfoliated and akes of suitable
thickness (< 20 nm) can be identi ed by optical microscopy based on their interference color.
An example is shown in Figure 3.3.(b). Although some optical applications require the use
of monolayer WSe [67, 175], their exfoliation is generally more challenging and experiments
suggest that thicker akes are also suitable to induce SOC in graphene.

3.1.2 Assembly of heterostructures

After selecting the suitable exfoliated layers, the heterostructures are assembled using the
dry polymer stacking technique described in Reference [176]. The stacking process is illustrated
in Figure 3.4 for a basic hBN/graphene/hBN heterostructure. First of all, a small polydimethyl-
siloxane (PDMS) cube or hemisphere is placed on a glass microscope slide and coated with a
thin layer of polycarbonate (PC). The glass slide and the exfoliated ake on the Si/SIO; is
placed in a purpose-built transfer microscope. The layers of the heterostructure are picked up
from their respective substrate sequentially with the PC/PDMS structure making use of the
van der Waals forces between subsequent layers that are stronger than the adhesion to the
substrate (Figure 3.4.(a-c)). The substrate is usually heated up to 80C to promote adhesion
to the PC layer. During the pick-up process, the akes remain visible since the PC/PDMS
structure is transparent and the relative position of the akes can be precisely controlled by the
micromanipulators of the transfer microscope. When the desired layers are all picked up, the
PC/PDMS structure with the assembled heterostructure is pressed onto the surface of another
Si/SiO, substrate (Figure 3.4.(d)). The substrate is heated up to 180 C, above the glass tran-
sition temperature of PC and the PC layer delaminates from the PDMS. The PDMS is then
retracted, leaving the heterostructure on the substrate covered with the PC Im (Figure 3.4.(e)).
Finally, PC is dissolved in chloroform (Figure 3.4.(f)). This stacking process can be extended to
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Figure 3.5: a) Photo of the transfer microscope with the temperature control system. b) Close-
up of the heated sample holder stage and glass slide holder.

practically any 2D materials and number of layers as long as the van der Waals forces between
the layers are strong enough to lift them up from the substrate. It is also worth noting that the
process can be partially automated [177].

Although the basic concept of the stacking process is robust, details may vary slightly. For
example, di erent polymers { such as poly(methyl methacrylate) (PMMA), polypropylene car-
bonate (PPC), polyvinyl chloride (PVC) and polyvinyl alcohol (PVA) { are often used instead
of PC with each polymer having slightly di erent adhesion properties. PDMS acts as a spacer
during the stacking process and provides the necessary exibility to precisely control the assem-
bly of layers. Due to a tilt angle between the PC/PDMS structure and the substrate, after the
PC is brought in contact with the substrate the contact front (Figure 3.4.(a)) can be controlled
by further lowering the glass slide towards the substrate and deforming the PDMS. As detailed
in Reference [176], above 18QC, contaminants trapped between layers become mobile and can
be cleaned from the heterostructure or accumulated into fewer and larger bubbles when the
contact front passes over the stacked layers. PDMS cubes or hemispheres can both be used
for stacking, however, the contact area for hemispheres is generally smaller and they allow for
easier control of the tilt angle between substrate and PDMS around the heterostructure.

The assembled heterostructure is characterized by atomic force microscopy (AFM) mea-
surements. These allow the measurement of the layer thickness with nanometer precision that
is necessary for further fabrication steps. Furthermore, the bubbles formed by trapped con-
taminants can also be located and electronic devices can be designed in clean regions of the
heterostructure.

3.1.3 Electron beam lithography

Figure 3.6: Steps of contact fabrication with electron-beam lithography. a) Patterning: the
resist layer is selectively exposed by a focused beam of electrons. b) Development: the exposed
parts of the resist are chemically dissolved. c) Reactive ion etching of the heterostructure. The
remaining part of the resist acts as a mask during the etching process. d) Metal is deposited
on the whole substrate. e) Lift-o : the remaining resist is dissolved, taking away the surplus of
metal.

In order to conduct transport measurements on van der Waals heterostructures, electronic
contacts are fabricated using electron-beam lithography (EBL). This process is illustrated in
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Figure 3.6. First, the substrate is spin-coated with a PMMA resist layer and the desired geom-
etry is exposed by a focused electron beam (Figure 3.6.(a)). High-energy electrons break up the
polymer chains of PMMA, and the patterned area can be dissolved with a 1:3 mixture of iso-
propyl alcohol (IPA) and methyl isobutyl ketone (MIBK), called the developer (Figure 3.6.(b)).
The development step uncovers parts of the heterostructure, however, graphene is still fully en-
capsulated in hBN. Therefore, in order to contact graphene, reactive ion etching (RIE) is needed.
RIE is a combination of physical and chemical etching. In our case, ions from a CH#O , plasma
are accelerated towards the substrate, etching away the heterostructure in the patterned area
(Figure 3.6.(c)). After this, metal is deposited onto the substrate and one dimensonal contacts
are formed along the exposed edges of graphene[174] (Figure 3.6.(d)). Contacts can be fab-
ricated of normal metals or superconducting materials. Typically, normal contacts are made
of 50 80nm Au with 10nm Cr or Ti adhesion layer. For superconducting electrodes,
we typically use MoRe or NbTiN deposited by DC sputtering. Finally, the remaining resist is
dissolved in acetone, removing also the surplus of metal from the substrate and metal is left
behind only in the patterned area (Figure 3.6.(e)). Lithography parameters can be found in
Appendix A.

To control the charge carrier density and transverse electric eld in graphene, gate electrodes
are used. In some cases, the highly doped Si substrate can act as a global backgate which does
not require additional fabrication steps. However, in many devices, graphite bottom gates
and metallic topgates are used simultaneously. Using such a dual-gated structure enables the
separate tuning of carrier density and electric eld, as described in Section 2.4.1. The fabrication
of gate electrodes is also done by EBL, similarly to contacts but without etching. However,
some additional details have to be discussed. For example, graphite bottom gates are usually
positioned such that they are only partially covered by the rest of the heterostructure. This
means that no etching step is required to contact them, which facilitates fabrication. On the
other hand, when a graphite bottom gate is used, special care has to be taken during the
etching of contacts. If the etching time is too long, then the heterostructure is completely
etched through exposing both the graphene and the graphite bottom gate. In this case, if metal
is deposited, it creates an electric short circuit between graphene and graphite. This practically
makes the device useless for transport measurements. These problems can be prevented by
determining the etching rates and layer thicknesses using AFM measurements. To avoid similar
issues with topgates, we deposit an aluminium oxide (AIQ) layer by atomic layer deposition
after the contacts are deposited. AIQ is a high-quality dielectric that uniformly covers the
entire substrate. Topgates are deposited on top of this insulating layer to avoid any short
circuits with the contact electrodes.

The whole fabrication process is further illustrated in Figure 3.7. The heterostructure con-
sists of six layers, these are shown in Figure 3.7.(a-f). These are { from bottom to top { the
following (thickness): graphite (< 5 nm), hBN (40 nm), WSe, (15 nm), single-layer graphene,
WSe (5 nm), hBN (25 nm). The assembled heterostructure is shown in Figure 3.7.(g) with
the outline of each layer shown by dashed lines. The bottom graphite layer is employed as a
gate electrode. A Ti/Au (10/60 nm) electrode is fabricated to establish metallic contact to
this layer (Figure 3.7.(h)), deposited by electron beam evaporation. Superconducting electrodes
are used to form a SQUID and a Josephson junction. These are formed of 50-nm-thick MoRe
deposited by DC sputtering following the reactive ion etching step using CHR/O » mixture
(Figure 3.7.(i)). The heterostructure is shaped by another RIE step using Sk/O > mixture to
remove parts of the heterostructure and con ne the ow of electrons. After this, 30 nm of AlOy
is grown by ALD. Finally, Ti/Au (10/60 nm) electrodes are deposited for the top gates. The
nished device is shown in Figure 3.7.(j).
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Figure 3.7: Demonstration of the fabrication process for van der Waals heterostructures. Layers
of the heterostructure from bottom to top: a) graphite, b) hBN, ¢) WSe, d) SLG, e) WSe,
f) hBN. g) Assembled heterostructure with the di erent layers shown by dashed lines. Colors
correspond to the borders of panels (a-f). h) Ti/Au electrode is deposited by e-beam evaporation
to the graphite layer that acts as a bottom gate. i) Superconducting contacts are deposited
by DC sputtering after a RIE step. j) The heterostructure is shaped by another RIE step and
Ti/Au top gates are deposited on top of 30 nm AlIO4. Scale bars, corresponding to the top and
bottom rows, are 25 m.

3.2 Transport measurement of van der Waals heterostructures

3.2.1 Cryogenic measurement systems

In order to conduct electronic transport measurements on the fabricated devices, di erent
measurement instruments have to be connected to the electrodes fabricated by lithography. This
transition from the nanoscale electronic device to the macroscopic scale is illustrated in Fig-
ure 3.8. The electrodes terminate in few-hundred-m rectangular bonding pads (Figure 3.8.(b))
that can be wire-bonded to chip carriers (Figure 3.8.(c)) or printed circuit boards (PCBs, Fig-
ure 3.8.(d)). These macroscopic objects can be connected to the measurement instruments using
chip sockets or simple electronic connectors.

The measurement of quantum e ects and superconducting phenomena generally requires

Figure 3.8: a) Optical microscopic image of a nanoelectronic device. Scale bar is 2%n. b)
Zoomed-out image of panel (a). The nanoscale device can be connected to the measurement
instruments via bonding pads that terminate the electrodes. Scale bar is 400 m. ¢) The
metallic pads are wire-bonded to a chip carrier which can be connected to the measurement
instruments by a chip socket. d) Alternatively, chips can also be wire-bonded to a printed circuit
board.
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