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1 Introduction

The field of quantum- and nanoelectronics has driven solid-state physics by
exploring quantum states and low dimensionality. Motivated on one hand
by fundamental research purposes, this field has brought remarkable break-
throughs in engineering and controlling quantum states, broadening our un-
derstanding of nature. On the other hand, the field is thrust by applications in
computation and sensing, witnessed by the miniaturization problem proposed
by Moore [1, 2] and the rise of quantum computation [3-5].

A specific area providing fruitful outcomes to both ends is the physics of
hybrid devices, particularly, semiconductors-superconductors devices. These
have attracted large interest in fundamental research, for example as potential
hosts of topological quantum states [6-9], thermoelectrics [10], or even as a
source of spin-entangled electron pairs [11]. From a technological point of
view, these devices can be used as gate tunable qubits [12], in sensing small
magnetic fields [13] and radiation [14].

So far, hybrid devices have been successfully implemented in many systems
such as metals [15], molecular-beam epitaxy (MBE) grown quantum wells
[16] and nanowires [17]. With the discovery of graphene [18] a new class of
materials came into play, the two-dimensional materials [19].

Two-dimensional (2D) materials represent strong candidates for high per-
formance devices at the atomic limit [20], being compatible with silicon chip
fabrication [21]. On a fundamental research level 2D materials are revolu-
tionizing the field of quantum electronics and optics, with their extraordinary
properties, such as strong spin-orbit interaction, spin and valley degrees of
freedom [22, 23], the possibility of creating complex vertical heterostructures
[24] and exploration of the twist angle which opened a whole new field of re-
search [25]. A step further could be given by combining the exotic properties
of these 2D materials with superconducting hybrid devices. This has success-
fully been done for graphene [26] and has shown promising results of other
semimetals [27], however, very few results have been reported for 2D semicon-
ductors [28, 29]. The immediate benefit of having a gate tunable system is
the fine control over the charge carriers in the device as a whole or as locally
defined nanostructures [30].



1. Introduction

In this dissertation, we introduce platforms for hybrid semiconductor- super-
conductor devices based on 2D semiconductor crystals, namely molybdenum
disulfide (MoS2) and indium selenide (InSe). These are combined with su-
perconductors such as aluminium, molybdenum rhenium, and tin. The main
challenge lies in achieving reliable electrical contact to the 2D semiconductors
and obtaining coherent coupling across the material interface. The properties
of these devices are explored in spectroscopy measurements which show evi-
dences of quantum coherent phenomena. Additionally, we demonstrate control
over the semiconductor by a well-defined nanostructure, a quantum point con-
tact, which can be used for probing superconducting proximitized regions [31],
but for many other applications.

QOutline of the thesis

We start the thesis by providing the theoretical background in low dimension
transport, superconductivity and 2D semiconductors in chapter 2. Chapter 3
describes the techniques employed for fabricating our devices including the iso-
lation of the 2D crystals, stacking of heterostructures, contacting techniques,
and a description of the measurement setup. The experimental part starts
in chapter 4. We engineer confinement potential in the 2D system using a
quantum point contact and probe its effects on the system. Chapter 5 and 6
are dedicated to superconductor-semiconductor hybrid devices. In chapter 5,
we introduce a novel contacting technique, now extended to hybrid devices.
We probe the superconducting energy gap in temperature and magnetic field
in spectroscopy measurements. Additionally, we observe evidences of coherent
transport, expressed in quantum interference effects phenomena. In chapter
6 we demonstrate the versatility of the contacting technique by employing it
to InSe. The quantum interference effects present some divergences from the
MoS, devices, which are discussed in terms of the semi-classical model. Lastly,
in chapter 7 we summarize the findings and propose future experiments.



2 Theoretical background

In this chapter, we discuss the relevant theoretical concepts necessary to un-
derstand the experiments in this work. The electrical properties and physical
phenomena are briefly described with references for further readings. We start
by introducing 2D materials, in particular, molybdenum disulfide (MoS2) and
indium selenide (InSe). We describe the fundamental physical mechanisms in
low-dimensions structures, such as quantum point contacts and quantum dots.
After that, we give a short introduction to superconductivity and its effects in
normal-superconductor junctions.



2. Theoretical background

2.1. Electronic transport phenomena

We start by providing some basic quantities of electronic transport through
2D systems which will be used later on, such as the conductivity, mobility and
charge carrier density.

2.1.1. Conductivity in the Drude model

For the mean free path shorter than other relevant length scales, like the de-
vice size or the coherence length, the Drude model can be used to describe the
transport properties [32]. We consider a non-interacting electron gas in a solid
with randomly distributed scatterers. The electrons are accelerated by an elec-
tric field E, momentum is randomized by scattering. The average momentum
gained between two collisions is (p) = eE7, where e is the electron charge and
T is an average time between collisions, called mean free time. Assuming a
density n of electrons in this conductor, a current density is expressed by

j= en(%) - ”;*TE (2.1)

where m™ is the effective mass of the electrons in the periodic potential of
a solid. The quantity connecting the current density j and the electric field
applied E is the conductivity, defined as

op = (2.2)

m*
The resistivity p is defined p = 1/op. An important quantity is the mobility,
which is defined as

p= (2.3)

m*’

such that ¢ = neu. The scattering time 7 provides a characteristic length
scale between the scatterers, known as mean free path ¢m¢p,, which characterizes
the average length an electron can travel without relaxing its momentum and
its given by

bmtp = VFT (2.4)

where vp is the Fermi velocity of the electrons carrying current vy = hkp/m”.
The Fermi wavevector kg is given by the Fermi energy Er by

[2m*E



2.2. Two-dimensional materials

2.1.2. Charge carrier density and field effect mobility

To estimate the number of charge carriers induced by an applied voltage at
the gate V,, we consider a simple plate capacitor model in 2D semiconductor
devices. The charge carrier density is then simply

n:?w—%) (2.6)

with the capacitance per unit of area ¢ = epe,/d, where g9 (g,) is the
vacuum (relative) permittivity of the dielectric material and d the thickness of
the dielectric material. V, is the depletion voltage, associated to the bottom
of the conduction band (CB). We use es:0, =~ 3.9 and eppn ~ 4.

From the gate voltage response of a semiconductor and using equations 2.2
and 2.6, one has a recipe to obtain the field effect mobility purg

WPE = - (2.7)

2.1.3. Density of states in two dimensions

For a parabolic dispersion relation in two dimensions centered at gamma point

h2k?2
E= 5 (2.8)

k are the electron wavenumber in a plane k; ,. For a given energy Er the
number of states available in the system per unit of area is given by the sum
in reciprocal space of the available k.,

k(E) m* E m*
. 2 /
N(E) = 2 (for spin) - ZA k= W/O dE" = WE (2.9)
with the density of states in two dimension

Dap(E) = C”Z;EEE) _ % (2.10)

2.2. Two-dimensional materials

A two-dimension electron gas (2DEG) is typically obtained in a quantum well
by offsets in the band structure at the interfaces of materials such as the in-
terface of GaAs/AlGaAs [33] or InAs/InGaAs [34]. The band offsets form
effective potential barriers in the out-of-plane direction confining the freedom
of electrons to a two-dimensional plane. These structures are grown by Molec-
ular Beam Epitaxy, a costly method in resources and personnel. The isolation
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of a single layer graphite in 2004 [18], graphene, opens a new opportunity to low
dimensionality. 2D materials are crystals that can be thinned down to a sin-
gle layer of atoms, producing natural platforms for 2DEGs. Since then, many
other materials joined the 2D materials family [19]. The semiconductors MoSa,
InSe, black phosphorous, insulators such as hexagonal boron nitride (hBN),
and even superconductors such as NbSez and PdTez. These materials are all
composed of planes of covalent bonds interconnected by van der Waals force
to the adjacent planes. Besides the possibility pf mechanical exfoliating them
to thinner layers, it is also possible to create heterointerfaces between materi-
als with different lattices without causing interface strain [24], which gives a
greater freedom of choice compared to MBE and similar techniques. Beyond
the vertical degree of freedom, 2D materials founded the field of twistronics,
by engineering band structures using the twist angle between crystal planes
[25]. In this work, we focused on two 2D semiconductors, namely MoS; and
InSe.

2.2.1. Molybdenum Disulfide

a) 2H phase

Side view

FIQII

Figure 2.1. Illustration of the crystal structure of 2H phase MoS; in different
perspectives. Adapted from [35, 36].

Transition metal dichalcogenides (TMDCs) are interesting materials for
their large spin-orbit interaction, large effective electron masses, optical activ-
ity, and potentially large electron mobility. These materials have a chemical
composition of MXsz, where M is a transition metal (such as molybdenum,
tungsten, niobium, etc.) and X is a chalcogen (sulfur, selenium, tellurium,
etc.). Every M atom forms covalent bonds to X atoms, such that a plane
of M atoms is sandwiched between planes of X atoms, as shown in Figure



2.2. Two-dimensional materials

2.1. Within the TMDC family MoS- is the most investigated semiconductor.
Like the other members of its family, MoSs has in-plane six-fold symmetry of
rotation, with atoms placed in a honeycomb from top view.

Every Mo atom is bonded to six S atoms with a spacing of about 2.5 A. The
single layer MoSs is connected to the adjacent one by van der Waals attraction
with a spacing of about 0.6 A.

a) b)

monolayer

f |

bulk 1N\ E

Energy

Figure 2.2. a) Band structure of bulk and monolayer MoS. b) Detail of the
spin-split close to the CB minimum around the K points. ¢) Bulk crystal d)
Optical image of monolayer MoS2. Scalebar is 6 um.

The six-fold symmetry is also reflected in reciprocal space. The band struc-
ture of MoSs is depicted on Figure 2.2. For a monolayer MoS; there is a direct
band gap with band edges located at the K and K ' points of the Brillouin
zone (BZ) about 2eV. For multilayer, the CB minimum shifts to the Q points
of BZ, with three inequivalent @) points, resulting in an indirect band gap.

For thin crystals of MoS» the parity of the layer number determines the pres-
ence of an inversion symmetry in the crystal. An odd number of layers do not
have an inversion center for the chalcogenide atoms. As a consequence, mono-
and trilayer MoSs present an intrinsic spin-orbit interaction and a spin split-
ting in the bands [37]. Calculations of an intrinsic spin-orbit interaction yield
in a spin-split in opposite directions for K and K points of about 3 meV [38].
However, experimental data points to values five times higher [39]. The two
subbands have slightly different effective masses, i.e. in different curvatures in
the dispersion relation, as shown in Figure 2.2. The spin and valley degrees of
freedom make MoS, an interesting platform for spin- and valleytronic devices
[40].

MoS; is usually a n-doped semiconductor [38]. The mobility encountered in
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hBN encapsulated devices reaches up to p ~ 5000 cm?/Vs [39]. Nevertheless,
recent advances in synthesis resulted in electron mobilities above 44000 cm?/Vs
[41].

Electron-electron interactions play an important role in MoSz. At low charge
carrier density, there is evidence for a first-order phase transition to a ferro-
magnetic phase due to inter-valley exchange scattering [42]. At high CB oc-
cupation, utilizing ionic liquid gating, MoS2 becomes a superconductor [43].
At such carrier concentration, it is thought that phonon-mediated coupling
overcomes Coulomb repulsion turning the system into the superconducting
state.

Although MoS2 can exhibit high mobility, it is also known for containing
several types of crystal defects. The most common are S vacancies, which are
extensively studied [44-46] and in some cases even engineered [47, 48].

2.2.2. Indium Selenide

b) 5
o ;
o ; bulk
Lu .

monolayer

Figure 2.3. a) Illustration of the crystal structure of v-phase InSe and stack-
ing of bilayer in ABC configuration. Adapted from [49]. b) Band structure of
bulk and monolayer InSe. Adapted from [50]. ¢) Optical image of exfoliated
InSe flakes. Scalebar is 10 gm.

Another group of 2D materials is the ITI-VI post-transition metal monochalco-
genide such as gallium selenide and indium selenide (InSe). InSe attracted
interest among the 2D semiconductors due to high mobility ~12700cm?/V's
and small effective mass m} ~ 0.14m. [49].

Its essential layer is composed by a In-Se-Se-In sheet of atoms connected by
covalent bonds, as shown in Figure 2.3 a).
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InSe is very promising for optical applications. It possesses a direct bandgap
from bulk (0.26 V) to bilayer (0.99 eV), which corresponds to photon energies
from near-infrared to visible. The monolayer InSe has an indirect bandgap
with CB minimum at the I'" point and a Mexican hat shaped valence band
(VB), shown in Figure 2.3 b).

Recent results demonstrate a field effect transistor based in 2D InSe with
gate efficiency, ohmic current injection, and channel length reaching the cur-
rent state-of-the-art Si standards [51]. The Mexican hat-shaped VB could host
ferromagnetism, superconductivity, and topological quantum phase transition
[52]. Quantum hall effect has been observed for up to 10 layers flakes [49]. InSe
possesses Rashba type spin-orbit interaction tunable with electric field and
layer number [53]. Gate confinement nanostructures have been demonstrated
experimentally [54, 55]. Predictions exist of engineering superconductivity in
InSe by various mechanisms, such as twisting [56], doping [57] or straining
[58].

2.2.3. Schottky barrier formation at metal-2D semiconductors
interface

At the interface between a metal and a bulk semiconductor, there is an abrupt
change in the band structure and the Fermi energy. Once metal and semicon-
ductor are put in contact, carriers are exchanged until an equilibrium distri-
bution is reached, where the electrochemical potential becomes equal across
the interface and far in the bulk of the two materials. This change in the
chemical potential across the interface, compared to the bulk values, requires
a compensating change in the electrical potential bending the semiconductor
band. The result is an energy barrier, called Schottky barrier, which in a first
approximation is calculated by the difference of the metal work function and
the semiconductor electron affinity [59].

The situation for 2D materials differs from the 3D case since the thickness
is much shorter than the depletion width. The Schottky barrier energy, in this
case, is thought to be the difference between the metal work function energy
and the conduction band energy of the 2D semiconductor [60]. The literature
uses the term Schottky barrier in the context of 2D materials as a term to
describe all the mechanisms that can induce Fermi level pinning to the band
gap or that cause worsening of the contact quality. These are several factors,
which are summarized below starting from a dirty regime, that is when defects
modify the electronic properties of the system, to a clean regime, where we
consider perfect interfaces and crystal lattices.

Starting from the dirty regime, defects induce Fermi level pinning by several
mechanisms [60], namely chemical reactions and intercalation of the contact
material into the 2D semiconductor, such as shown in XPS characterization of
TMDCs contacted by Ti, Ir, Sc and Cr [61-63]. The intercalation and reac-
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Figure 2.4. Schematic of the generalized resistance network that generates
a Schottky barrier in a thin semiconductor FET.

tion of Pd in WTes is also well studied and used to induce superconductivity
in the system [64, 65]. High-temperature metal deposition can also introduce
defects by kinetic damage to the 2D semiconductor [66]. Direct exposure of
TMDCs to polymers is known to cause degradation of the interfaces [67]. Va-
cancies are commonly present in 2D materials and also a cause of the Schottky
barrier, as they generate defect states up to 0.4eV below the CB minimum
in MoS2 [68, 69]. Strain is also known for impacting the band structure of
2D semiconductors [58, 70, 71], which can also influence the contact quality
[72, 73].

Even if one assumes an entirely clean interface between the 3D metal and the
2D semiconductor, there are still mechanisms for a barrier formation such as
metal induced gap states (MIGS), interface dipoles and tunneling through van
der Waals gap and the classical charge exchange mechanism. MIGS are formed
when a semiconductor is in proximity to a metal. The wavefunction of the
electrons in the metal causes a perturbation in the thin semiconductor, giving
rise to new states in its band gap by hybridization [74, 75]. The formation of
interface dipoles arises from charge transfer [76], pushback effect [77] or the
energy level broadening effect [78], which leads to shifts in the energy levels.
In addition, the presence of a physical gap, that can be as large as a few
angstroms, realized by the dangling bonds in the chalcogenide atoms creates
a short vacuum segment for the electrons to tunnel [79].

The effect on transport experiments is summarized in the resistance network
shown in Figure 2.4. Starting from the left electrode represented by the net of
resistors Ry, the tunneling process of electrons from this electrode to the 2D
material is described by the parallel resistors Rint at the interface. Inside the
2D material, below the metal, we have a sheet resistivity different from the
free semiconductor symbolized by the resistors R/ch. A resistor Rjun separates
the junction between different doped parts of the 2D material. Finally, Rcn
represents the sheet resistance of the open 2D channel [80]. The ratios between
Rint and R;h determines how much of the current flows through the metal only

10
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passing through Rjun or through the parallel R;,; and R;h. The transfer length
characterizes the distance over which the current is transferred from the metal
contact to the semiconductor and can also determine whether the area or
length of the contacts dominates the interface resistance.

There is no consensus over the magnitude of the transfer length of MoSa,
with both, few nanometers [81-83] and micron-scale [84, 85] being reported.
Some publications suggest a dependence on the crystal thickness [86], a de-
pendence on the presence of oxide layers [87] or even asymmetric scaling of
source and drain leads [88].

Theoretical predictions in the literature suggest that contacting the edge
of the 2D materials would improve the contact quality [89, 90], reducing the
barrier strength, due to a reduction of the vdW gap and the formation of
MIGS. However, edge contacts showed no advantage over top contacts so far
[91].

2.3. Transport through narrow channels, Quantum Point
Contacts

*/nh
@
I

(e /nh)

CONDUCTANCE
o

GATE VOLTAGE (V)

Figure 2.5. Quantum point contact conductance as a function of gate voltage.
Figure from [92].

In 1988, two groups [92, 93] independently demonstrated that the conduc-
tance of a current passing through a narrow clean constriction in a 2DEG
occurs in quantized values which were multiples of what is now called conduc-
tance quantum.

In the transverse direction, the splitgate confines the electrons in a poten-
tial well of about the size of the Fermi wavelength at discrete energies. By
tuning the voltage applied to the gates one can control the number of modes

11
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occupied. For every mode, the conductance adds a step of €*/h to the total
conductance. For N modes occupied, with spin degeneracy of 2, the total
conductance through the constriction is

2

Gapc =2- %N (2.11)

This narrow quasi-one dimensional constriction is known as quantum point
contact (QPC). To understand the quantization of the conductance in detail
we consider a long wire (in z-axis) with finite width (in z) and height (in y-
axis). A three-dimension, time-independent Schrédinger equation describing
the electrons in the wire is

h2

*%VQJFV(JU,ZJ:Z) w(xayvz) = Ew(xvya Z) (212)
Here we consider an uniform wire, where the potential V' (z,y, z) does not

depend on the current direction along z-axis. This differential equation is sep-

arable into solutions in z-direction and in the zy-plane, such that the electron

wavefunction is

1 ikl z
W(z,y, 2) = xn(2,y) - e (2.13)

the prefactor 1/L for normalization in the current. For the cross-section
direction, we consider a quadratic dispersion relation, such that

2

en(ks, ky) = (kn, + k) (2.14)

2m*

The wave numbers k] = =+ %—’S(E — &n) describe the electrons carrying
current in the wire from the left (right), only if E > €,, otherwise it describes
evanescent waves. From the electronic wavefunction, we define the group ve-
locity as

_ 1 dE _ hkn
> hdkn,, m

Now considering a non-equilibrium net current generated by a voltage bias
Vsp applied at the ends of the wire, we can calculate the current carried by
single mode n with

(2.15)

Un

oo

© Dipvn [fr(E) — fr(E)]dE (2.16)

I, = —
" 2w o

where fr r(F) are the Fermi distribution in the reservoirs on left and right
side of the wire. The density of states in one dimension DoSi1p = 1/(dE/dk)

cancels the energy dependence with the group velocity v, leaving

12
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no= [t - ey 2.1)

The difference in Fermi occupations close to T' = 0 can be taken as [fr(E) —
fr(E)] =e(pr — ur) = eVsp, which results in

2

I, = %VSD (2.18)

G = I/Vsp we obtain G, = ¢?/h for the conductance of a single mode. For
a Fermi energy such that N modes are in the "bias window" between peft
and p,right the total conductance is

2

Gy = %N (2.19)

Now we adapt this picture to a two-dimensional conductive plane and we
make some assumptions for the shape of confinement potential V(x,y, z) cre-
ated by splitgates.

2.3.1. Parabolic potential approximation

We define the y direction perpendicular to the current flow in the constriction
and z along the current flow. The potential landscape throughout a QPC can
be understood in its simplest form as given by saddle point with parabolic
shapes along each axis, expressed by
_ 1 * 2 2 1 * 2 2
Vo(z,y,2) = —M Wyt + 5wy + Vo) (2.20)
where w, and w, represent the curvatures in « and y, respectively, and V} is
an offset from the bottom of the potential. In the y direction the eigenenergies
are those of a harmonic oscillator

Ey(n) = hwy(n +1/2) (2.21)

where n € Ny represents the QPC modes. The transmission through the
potential also depends on the curvature on x direction and is given by [94]

1 E—hwy(n+1/2) - E,
=—~ wh n = Y .
13 o—2men’ where & Foon

With that, we can rewrite the conductance of the QPC as

G = ZTR(EF) (2.23)

Ty (2.22)

summing up to the N-th occupied mode until the Fermi energy Er.

13
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2.3.2. Hard wall potential approximation

We now consider a QPC potential with a sharper confinement, the hard wall
potential. In this case, we describe the potential as

(2.24)

Vi Vo, if —w/2<y<w/2
b oo, otherwise

where W is the width of the potential. The energy separation for the transver-
sal modes is given by the particle-in-a-box solutions

w2 h2n?
2m*W?2

Here the spacing between energy levels increases for increasing n. So far
we considered perfect transmission and no scattering between the modes. But
if the transverse mode energies €,, depend on z, the eigenmodes in the QPC
center become coupled [95]. For example for the hard wall potential we obtain

Ey(n) = + Vo. (2.25)

R o?
[_zmazz +en(E) — E] Un(@,Y,2) = Anm¥n(z,9,2)  (2.26)
where 5 2
h 1o} 1o} 0

mixes the longitudinal modes. This can cause a non-unitary transmission
of the QPC modes and fluctuations in the step-like conductance. If the lon-
gitudinal wavefunction smoothly varies across the z direction we call it the
adiabatic approach where A, = 0.

Further informations and detailed derivations of these results can be found
in Refs. [32], [95] and [96].

2.4. Coulomb blockade and Quantum Dots

Considering a conductive island connected to its environment through small or
highly resistive junctions, the energy U ~ €?/C for charging a single electron
into the island becomes relevant for small capacitance C. If this energy is
higher than the thermal energy kT and U/e is higher than the voltage across
the junction, no current can flow, this regime is called Coulomb blockade.
Quantum dots (QD) are small conductive islands where the motion of electrons
is confined in all spacial dimensions, creating quantized energy levels, related
to the quantized kinetic energy of the orbitals allowed for the electrons in the
confinement. The spacing between these energy levels is often called single-
particle level spacing §E and is usually comparable to the changing energy of
the QD. Consequently, the energy required to add an electron to the QD is
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2.5. Superconductivity

Eadd = pn+1 — pN = €?/C + §E. In general, a charge can be transfer to a
QD when at least one of the energy levels lies in the voltage bias window of
the leads as shown in Figure 2.6. Additionally, the electrochemical potential
of the energy level in the QD can be tuned via an electric voltage, e.g. applied
by a gate V,. With these two parameters, one obtains the so-called Coulomb
diamonds represented in Figure 2.6. The blue lines represent the edge of the
diamond in which the transport is blocked. The panels I to IIT show different
biasing conditions in which either source or drain aligns to one of the energy
levels, changing the dot occupation by a charge e. The other features in Figure
2.6 are beyond the scope of this work.

I_ M(N+1) ON+T)
C 8 | = l[B]
- - _ _
| EED) piN+1)
D s

Figure 2.6. Coulomb blockade of a QD. The diagrams from I to IV show
different source S and drain D configurations with respect to the quantized
levels in the QD. At the center a plot of the differential conductance as a
function of the bias voltage Vsp and the gate voltage Veg. The blue lines
describe the edges of the Coulomb diamonds where the transport is blocked.
The occupation of the QD is marked by N, N + 1, etc. Adapted from [97].

If several QD are present in a sample in a disordered form, their Coulomb
diamonds overlap in a chaotic pattern, often referred as Coulomb shards.

2.5. Superconductivity

In 1911, three years after being able to first condense Helium to the liquid
phase, Kamerlingh Onnes observed that around 4.2 K, the electrical resistance
of mercury dropped from 0.1 to unmeasurably small values [98]. This phe-
nomenon is now known as superconductivity. Another important property
observed in superconductors is the complete expulsion of magnetic fields, this
perfect diamagnetism is known as the Meissner effect [99]. A phenomenolog-
ical explanation was provided by London in 1937 [100], who also introduced
the London penetration depth Ar, a length characterizing the scale over which
the fields are expelled. As observed initially for mercury, superconductivity
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2. Theoretical background

is quenched above a certain critical temperature 7., but also above a certain
critical field B.. Superconductors can be classified in type I, fully expelling
magnetic fields up to Be, or type II, hosting vortices that allow penetration of
discrete magnetic flux quantum ®¢ = h/2e.

In type II superconductors, the fields are expelled completely up to B.i,
while for larger fields discrete normal regions develop, corresponding to one
superconducting flux quantum (charge 2e). At the second critical field Beo >
Be1, the superconductivity is then fully suppressed (with the possible exception
of surface superconductivity). For superconductors in general there is also a
finite amount of supercurrent that can be carried without dissipation, the
critical current I..
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Figure 2.7. a) Resistance of mercury as a function of temperature. Adapted
from [98]. b) Quasi-particle density of states of a superconductor given by
equation 2.28. The Cooper pair condensate sits at the Fermi energy Ep.

In 1957, Bardeen, Cooper, and Schrieffer provided a microscopic under-
standing of these phenomena (BCS theory [101]). An attractive interaction
mediated by phonons pairs electrons of opposite momentum and spin in so-
called Cooper pairs. These correlated pairs of electrons possess a common
ground state, called the BCS ground state. Single quasiparticle excitations
can be created from the superconductor ground state above a certain energy
A. The density of states for the quasiparticle excitations is described by

E-F
Dn(Er) | | , if|E—Er|>A
Ds(E) = v/ (E — EFp)?) — A2 (2.28)
0, otherwise.

Dy is the density of states in the normal state. Figure 2.7 b) plots Dg(FE).
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2.5. Superconductivity

The zero density of state for quasiparticles within |A| is also known as the
energy gap of a superconductor. Superconductivity can also be described by
a heuristic macroscopic wavefunction introduced by Ginzburg and Landau
[102], who introduced a global wavefunction s representing the Cooper pair

condensate, as
Ps(r,t) = /ns((r,t))e’ ™", (2.29)

where ns is a density of Cooper pair and ¢ is the macrocopic phase of the
superconductor. The Ginzburg-Landau theory also includes the coherence
length £ which gives a characteristic length for changes in the phase of A. For
bulk superconductors the coherence length is given by & = hvp/mA and in

the dirty limit & = \/hD/2A.

Further readings in superconductivity can be found in Ref. [103].

2.5.1. Josephson effect

In 1962 Brian D. Josephson proposed that superconductors connected by a
short non-superconducting segment could still carry a supercurrent [104]. Be-
fore this prediction, it was taken that only single electrons could tunnel in-
dependently through a barrier, but as it was later observed by Anderson and
Rowell, Cooper pairs could also tunnel in a correlated manner through a weak
link carrying a supercurrent [105].

The current across a Josephson junction driven by the phase difference be-
tween the two superconductors ¢1 — @2, as described by the first Josephson
relation given by

I(p) = I:sin(p), withp = @1 — @2 (2.30)

where I. is the critical current of the junction. This effect is known as the
DC Josephson effect. If a voltage is applied across the junction, it causes a
time-dependent variation of the phase difference

dﬁ_QeV

= . 2.31
dt h ( )

Inserting into the first Josephson relation results in
1(V,t) = I.sin(po + 2eVt/h). (2.32)

A voltage bias causes a sinusoidally oscillating current across the junction,
known as AC Josephson effect.
For further readings in Josephson effect physics refer to [95] and [106].
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2. Theoretical background

2.5.2. SNS junctions

The weak link can be realized by an insulating oxide layer (SIS junctions)
acting as a tunnel barrier, a constriction in a superconductor (SS/S junctions),
or a normal conductor (SNS junction). Below we describe the microscopic
process involving SNS junctions.

Andreev Reflection and Transmission through a N-S interface

As shown in equation 2.28 for energies within the superconducting gap i.e.
(E — Er) < A the quasiparticle density of states in a superconductor is zero,
depicted in Figure 2.8 a). Though it is not allowed for quasiparticles in the nor-
mal metal to tunnel to the superconductor, a process called Andreev reflection
(AR) allows the transmission of two charges. An electron with wavenumber
k on the normal metal hits the interface to a superconductor and it is retro-
reflected into a hole, which is the time-reversed of the original electron with
wavenumber k. The charge 2e missing at the normal side allows the creation
of a Cooper pair (with net momentum zero) on the superconductor side. The
process is depicted in Figure 2.8 b). The inverse process can also occur, where
a charge of 2e in form of a Cooper Pair vanishes from the superconductor side
by absorbing a hole from the normal side and turning into an electron.

A description of the transmission probabilities of the Andreev process was
provided by Blonder, Tinkham, and Klapwijk (BTK) [107]. They depend on
the transmission coefficient T" of a single electron, which is a property of the
interface and varies from 0 to 1. In the BTK model, T is given by a repulsive
potential barrier Hé(x), where H is a barrier height. We can then write the
transmission as

1
T = 1_’—722 Where 7 = H/hUF (233)
here vp is the group velocity at the Fermi energy. Considering E < A, the
coefficient A, the probability of an AR, and B, the probability of a normal
reflection at the N-S interface are given by

A2
A= It 2y (2:34)
B=1-A. (2.35)

Figure 2.8 c) shows the reflection probabilities A and B as a function of
energy for different values of transmission coefficients T at the interface. Above
the energy gap there are transmission C, of an electron with a wavevector on
the same side of the Fermi surface and the transmission D, of an electron with
a wavevector crossing through the Fermi surface.
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2.5. Superconductivity

a) Normal reflection ¢€)
N S 1

~

e

_‘_,
K 2

b) Andreev reflection g)

S
A

Figure 2.8. a) Schematic of normal- and b) Andreev reflection at the N-S
interface. DoS of the superconductor are represented by the shaded areas. c)
to f) Probabilities A, B,C, D as a function of energy for the indicated trans-
mission values. Adapted from [107].

The current through an N-S interface with V' applied bias is written in terms
of these coefficients by

I= NO% / [1+ A(E) — B(E)] - [f(E) — f(E + eV)]dE. (2.36)
where Ny is the normal state conductance.

If the interface is not clean, such that T" < 1, the probability of an AR
decays proportionally to T2 for E < A, meaning that this process is severely
suppressed.

The coherence between incident electron and retro-reflected hole in an AR
results in a non-zero probability of finding a Cooper pair in the normal con-
ductor. Therefore, the Cooper pair density decays continuously on the scale of
the BCS coherence length £. This ‘leak’ of Cooper pairs into normal conductor
is known as the proximity effect [108].

Andreev bound state

After an AR the hole reflected into the normal conductor is free to travel to
another N-S interface, say in series with the previous. There, the Andreev
process can take place once more converting the hole into an electron and
transmitting the change 2e into the superconductor. The electron can restart
the process creating consecutive loops of ARs at the interfaces. If the electron
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2. Theoretical background

Andreev bound state

Figure 2.9. Schematic of consecutive AR generating a bound state in the
normal conductor.

(and hole) partial waves interfere constructively, discrete states develop, called
Andreev Bound States (ABS), depicted in Figure 2.9. For every AR the phase
acquired for an electron into a hole ¢, and for a hole into an electron ¢p. are

¢er, = —arccos(E/A) 4+ ¢s, and ¢pp. = — arccos(E/A) — ¢ps (2.37)
The total phase acquired in a full cycle of reflection is
dtot = (ke — kn)L + ¢ + 2arccos(E/A) (2.38)

here the first term is a phase gained within the normal region with length L,
and ¢ is the phase difference between the two superconductors. For construc-
tive interference ¢ior = 27n with n € Z. We can solve for the energy in the
short junction limit (L < &) which results in

E2P% = £ Acos(¢/2) (2.39)

The total current through the SNS junction (in the short junction limit,
L < &) is given by the Ambegaokar-Baratoff relation between the normal
state resistance and the critical current of the junction [109] as

_ wAsin(¢) A
Isns = e Rn tanh (2kBT (2.40)

In the long junction limit (L > €), E4P is determined by the phase
acquired by the quasiparticles in the normal conductor, which scales with
kr. With that, additional states can form inside the superconducting gap
[110, 111].

A bound state can also be formed between a single N-S interface and one
normal interface as long as in the proximity region. The normal interface can
be e.g. the boundaries of the system or defects that reflect the carriers into
the superconductor creating successive reflections.
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2.5. Superconductivity

Reflectionless tunnelling

As seen in 2.5.2, in a N-S interface with a small transmission coefficient T the
probability of an AR process is highly suppressed with 72, such that if T < 1
the Cooper pair tunneling can be neglected compared to the single electron
processes.

However, in a diffusive sample electrons are scattered by defects leading
to multiple reflections at the N-S interface, as shown in Figure 2.10 a) for
the case of two reflections at the N-S interface. Isolated, each one of these
reflections has a small probability of AR. But after N-th coherent reflection
the probability of an AR is drastically enhanced reaching Tio.; =1 for strong
disorder, an effect known as "reflectionless tunneling" [112].

b)

;

VIV= 0
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N
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Figure 2.10. Reflectionless tunneling. a) Classical trajectories of electron
(hole) being scattered close to the N-S interface. Trajectory 2 encloses a loop
that receives a magnetic flux ®. b) Current enhancement as a function of reflec-
tion number at N-S interface. Adapted from [112]. ¢) Normalized conductance
vs voltage bias across a Nb-InGaAs structure for different temperatures. The
zero bias peak is a consequence of reflectionless tunneling. Adapted from [113].

It turns out that the constructive interference is broken for increasing voltage
bias, because of an increasing energy mismatch. This results in a zero bias
enhancement of the current through an N-S interface. Such effect was first
observed by Ref. [113] in a Nb-InGaAs structure. If the trajectories enclose
a loop, if an external magnetic field B is applied there is a phase gain by the
magnetic flux enclosed. Considering a trajectory length L and an enclosed
area A of the loops, the total phase shift between two reflections is given by

2FEL BA
Constructive interference happens for A¢ = 27n with n € Z.
The result above assumes that the trajectories are not affected by the mag-
netic field. A simple picture discussing the semiclassical trajectories at finite

magnetic fields is discussed in chapter 5 to address our experimental findings.
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Reflectionless tunneling is also shown for ballistic systems as long as the
geometry provides multiple reflections at the N-S interface [114].
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Device Fabrication and Experimental
Methods

This chapter describes the fabrication and characterization methods em-
ployed in 2D heterostructures. The first section shows how 2D crystals are
obtained from bulk material by exfoliation. The stacking of heterostructures
by dry transfer technique is depicted in the second section, followed by con-
tacting techniques. The last section details the electric measurement setup
and lock-in techniques employed. A detailed description of the fabrication
steps and parameters is given in appendix A.
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3. Device Fabrication and Experimental Methods

3.1. Fabrication of van der Waals heterostructures

The fabrication of vdW heterostructures consists of several processing steps
that have been developed in recent years. Therefore, most of the processing is
still manual and every sample has its features, e.g. flake shape and thickness,
trapped impurities, etc. In this section, we demonstrate how to isolate thin
layers from the bulk materials using the exfoliation technique. Although it is
possible to grow 2D materials, for example using Chemical Vapor Deposition,
the exfoliation from bulk 3D crystals is simple and yields high crystal quality
for many-layered materials. We find the flake’s thickness by comparing Atomic
Force Microscope (AFM) scans of test samples with the color contrast in the
optical microscope during fabrication. Then, we use the so-called dry-transfer
technique to stack these materials into vertical heterostructures. As much as
possible, the following processes are carried out in the inert atmosphere of a
glovebox filled with purified N2 (>99.9999%) and Oz and H2O residual partial
pressures below 0.1 ppm.

3.1.1. Exfoliation of 2D crystals

Figure 3.1. Exfoliation of 2D materials. a) Bulk crystal is tapped on adhesion
tape leaving some material. b) The crystal is cleaved several times, covering
the tape with random thickness flakes. c¢) The tape is brought in contact with
a silicon wafer, depositing some flakes on its surface. Adapted from [115].

As demonstrated for graphene in 2004, van der Waals materials can be me-
chanically exfoliated from a bulk crystal to a single atomic layer by successive
cleaving [18]. Exfoliating vdW materials is possible because these crystals
are formed by sheets of atoms bound in a plane by covalent bonds. These
planes are vertically bound by vdW interaction, much weaker than the co-
valent bonds, favoring the cleaving in the in-plane direction. Exfoliating is
achieved by pressing the bulk crystal against an adhesive tape leaving a frac-
tion of the material sticking to the surface. By successively folding, sticking
and releasing the tape the crystal is thinned down to a few layers. The tape
containing residues of the material is pressed onto a silicon (Si) wafer and
removed, leaving some flakes of various thicknesses on the wafer surface. The
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3.1. Fabrication of van der Waals heterostructures

exfoliation process is similar for all materials used in this work. The exfo-
liation of MoS2 and InSe are preferably carried out in the glovebox, due to
their oxidation and degradation when exposed to air. hBN and graphite can
be exfoliated in air due to their high stability. A common issue faced with
the exfoliation technique is the presence of polymer residues on the flakes.
The gross can be identified with the optical microscope, but AFM scans show
very low contrast contamination that cannot be noticed in a microscope. The
next step is to identify the flake’s thickness. This can be done directly with
AFM scans, or indirectly by associating the thickness to another scale, such
as Raman shift or Photoluminescence spectrum. A quick way to identify the
flake thickness for a given material is by its color contrast in a standard op-
tical microscope as used in the fabrication procedure. [116, 117]. The color
contrast of each material depends on its thickness, its refractive index, and the
properties of the substrate. Figure 3.2 exemplifies this by comparing the green
channel intensity of an optical image to an AFM scan of the same region. In
this example, the green channel was chosen for its monotonic increase (but
not linear) with thickness of InSe from 1 to about 30 layers on a 290nm SiO»
chip.

3.1.2. Dry-transfer method for stacking heterostructures

After acquiring flakes, and determining their thickness and area, the materials
are ready to be stacked into a vertical heterostructure. Here we describe the
dry transfer method [118], using a viscoelastic stamp to capture the flakes one
by one from the exfoliation substrates. The setup is placed inside a glove-
box to avoid degradation and contamination of the materials to be stacked.
The stamps are made of Polydimethylsiloxane (PDMS) and covered with a
sacrificial film of Poly (Bisphenol A) Carbonate (PC). The stamp fabrication
is described in the appendix E. The dry transfer process starts by mounting
the stamp with a small angle to a motorized arm inside the glove box. The
stamp is placed between the microscope objective and the chip containing the
material. The chip is heated to 90° C. The stamp descends to the substrate
until it touches the surface. The contrast of the region in contact with the
stamp changes, providing a good control of the area in contact. Once the
desired flake is fully covered, by slowly retracting the stamp upwards the ma-
terial flake detaches from the substrate stinking to PC film. The process can
be now repeated for the next layers of the heterostructure. Once an initial
flake sticks to the stamp, the consecutive flakes are attached by van der Waals
force to the bottom of the previous. The final heterostructure is released onto
a substrate by heating the substrate to 150° C which melts the PC layer onto
the substrate surface releasing the stack. The melted PC film is removed in
a Dichloromethane bath followed by a Isopropyl alcohol bath. Typically, the
stack present in this work consists of the semiconductor material encapsulated
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Figure 3.2. Color contrast vs flake thickness. a) Green channel of the optical
image and b) Extracted green intensity (0-255). c¢) AFM height scan of the
same flake and d) extracted height profile.

by ~20-30nm flakes of hBN. At the bottom of the stack, a graphite flake is
placed as an electrical gate for the semiconductor. The hBN encapsulation is
particularly known for protecting materials against oxidation and enhancing
their electron mobility [119, 120]. Once the heterostructure is created, it is
time to produce electrical connections to it. The following section describes
the most common architectures for providing contacts to 2D materials.

3.2. Contacting architectures and materials for 2D
semiconductors

There are several methods for producing electrical contact to 2D materials.
Fach has advantages and constrains. The selected technique for the device
depends on the parameter to be optimized, e.g. electron mobility, interface
cleanliness, contact resistance, or production time. This section describes the
contacting strategies we employed in our samples.
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3.2. Contacting architectures and materials for 2D semiconductors

3.2.1. Top contact architecture

Figure 3.3. Top contacts fabrication. 1) Exfoliation of 2D semiconductor
onto SiOz. substrate. 2) EBL and contact material deposition. 3) Final
structure after lift-off.

The simplest device fabrication is building devices directly on the exfoliation
wafer by top contact architecture. The 2D semiconductor flakes are exfoliated
onto a doped Silicon substrate with an insulating SiO2 layer at the surface. The
wafer is immediately spin-coated with PMMA polymer to temporarily protect
the flakes from degrading. The flake thickness is identified by color contrast
and a step of EBL defines the regions where the contacts are evaporated.
After developing the E-beam-resist the sample is immediately mounted to the
E-beam evaporation chamber and pumped down to pressures < 10~® mbar.
The desired contacting materials are deposited and an acetone bath lifts off
the excess material. As the devices are not encapsulated, after fabrication
they must be quickly cooled to cryogenic temperatures to avoid degradation.
We fabricated top contacted MoS2 devices with several materials such as Bi-
Au, Bi-Al, Sn, and Nb. The contact resistance can vary depending on the
material of choice. For detailed information, see section 3.4. The mobility of
these devices ranges from 100 to 700 cm?/Vs at cryogenic temperatures. These
numbers for electron mobility are expected for non-encapsulated 2D materials.

3.2.2. Bottom contact architecture

This architecture consists in fabricating the electrodes on a substrate and af-
terward depositing the active material onto it by dry transfer method. This
architecture allows easy top hBN encapsulation. Full encapsulation can be
achieved if the electrodes are evaporated onto a hBN flake previous to the
stacking process [121]. We produced samples using bottom contact architec-
ture for MoS2 devices using several electrode materials such as Au, Pd, Al-Pd,
and MoRe-Pt. The contact quality depends not only on the Schottky barrier
but also on the cleanliness and surface topography. For metals that are E-
beam evaporated (Au, Pd, Al) a good surface is easily achieved. For metals
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Figure 3.4. Bottom contacts fabrication. 1) EBL onto SiO2 substrate and
deposition the contact material. 2) Surface cleaning. Oz plasma for e-beam
evaporated materials and additional AFM cleaning for sputtered materials. 3)
Transfer of the 2D semiconductor by PDMS/PC stamp.

that are sputtered, there is usually a side deposition at the undercuts of the
PMMA, which creates a rugged contact surface. The latter can be improved by
using an AFM cleaning [122]. Field effect gates are implemented by either the
doped Si substrate or a posterior top-gate deposition. In our most remarkable
device, with MoRe contacts to a monolayer MoSsz, we obtained resistance-area
product as low as 13.5k Q um? and electron mobility up to 100 cm?/Vs [123].

3.2.3. Edge contact architecture

1) stamp 2)
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o
hBN
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Figure 3.5. Edge contacts fabrication. 1) Heterostructure stack by dry-
transfer method. The stack is released in a Si substrate. 2) CHF3 plasma
etching of the top hBN and 2D semiconductor. 3) Metal deposition and lift-
off.

Originally developed for graphene [124], this architecture has been also suc-
cessfully expanded to TMDCs such as WTe; [64]. The fabrication is depicted
in Figure 3.5. Edge contacts are normally made in a hBN encapsulated het-
erostructure. The top hBN is etched away, in a CHF3 plasma, to expose
a lateral cross-section of the 2D material. The contact material is then de-
posited into the holes creating an electrical contact to the rims of the material.
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Our attempts to produce edge contacts to mono- or few-layer MoSs generated
devices with too high contact resistance for practical use [123]. Literature
present other attempts [91, 125]. However, significant improvements were
made recently [126].

We obtain better results with a few layers InSe devices with MoRe edge
contacts. The measurements are discussed in chapter 6. At Veg = 18V we
estimate a contact resistance-length product of about 3 M) um, which is a
high value in comparison to other contact techniques shown in this work but
presents similar physics as the one discussed in Chapter 5.

3.2.4. Van der Waals contacts

An interesting solution to reduce the Schottky barrier is to use another vdW
material as contacts to the semiconductors. The attractive vdW force pro-
vides a natural connection between the flakes, yielding a clean interface for
contacts. This is realized, for example, by placing graphene flakes at the ex-
tremities of a MoSs, as in Ref. [120, 127, 128]. As graphene by itself is easy
to contact, it can provide good charge injection to the semiconductor. This
type of devices show very low contact resistance and high mobility. The same
technique has also been used for other vdW semiconductors, such as InSe [49]
and WSez [129]. We create a short MoSs junction contacted by the vdW
superconductor NbSe2. The dry transfer technique does not provide enough
resolution to create sub-micrometer junction lengths between NbSes flakes.
Designing a trench in a NbSes is challenging since the material is prone to ox-
idation when exposed to air [130]. We overcome this issue by covering a thin
NbSes flake in a monolayer graphene. These two are stacked and deposited
onto Au electrodes in a Si substrate. An EBL step followed by reactive ion
etching creates a trench in NbSes/graphene. Afterward a monolayer MoSs
covered by a top hBN is deposited above the trench, creating a 150nm junc-
tion between NbSes/graphene flakes. An Au topgate is evaporated above the
junction for charge carrier tunability. These results were published in Ref.
[123]. We demonstrate that after the processing, NbSez still holds intrinsic
superconductivity, showing that the graphene protects the NbSes underneath
against strong oxidation. No sign of proximity-induced superconductivity or
tunneling through N-S interface with low transmission is observed across the
MoS; junction. Instead, a suppression in conductance tentatively attributed
to environmental Coulomb blockade with weak magnetic field dependence is
observed. The contact resistance-area product is estimated ~200k Q pum?.

3.2.5. Vertical interconnect access contacts

Vertical interconnect access (VIA) contacts use the hBN encapsulation to pro-
vide electrical contact to the thin semiconductor material without exposing it
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to chemical treatments. The metallic leads are deposited into the hBN flakes
providing a flat and clean interface between metal and semiconductor. The
name is imported from printed circuit boards and coined by Ref. [131] when
adapting to vdW materials in 2018. The fabrication of the VIA contacts is
described below and depicted in Figure 3.6.
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Figure 3.6. Schematic fabrication of the VIA contacts. 1) Exfoliation and
characterization of the hBN flake. 2) Etching holes into hBN using SFs plasma
etching. 3) Wash-off PMMA and second step of lithography. 4) Surface clean-
ing with O plasma etching. 5) Metal evaporation and lift-off. 6) hBN is taken
to dry transfer technique.

An hBN is exfoliated onto a silicon substrate and selected for sufficient area,
thickness, and cleanliness. The wafer is spin-coated with PMMA polymer
and a step of EBL defines windows that expose the hBN surface. A sulfur
hexafluoride (SFs) plasma etches the hBN flake until the substrate is reached.
The PMMA is washed out and a second step EBL defines areas slightly larger
than the former. This is done to allow metal to deposit at the surface of
hBN serving as anchor points to the VIA contacts. The surface of the sample
is cleaned by Oz plasma etching. The next step consists of depositing the
desired metal, that being Au or MoRe, etc. The excess metal is removed in
an acetone lift-off. The result is metal columns that penetrate the hBN flakes
until the SiO3 surface. With that, the VIA contacts are ready to be peeled out
using the dry transfer technique described above. The semiconductor is put
in direct contact with the metal columns by the van der Waals force induced
between the flakes. After completion of the stack, metallic leads connect the
VIA metal columns to the bond pads, where the sample can be contacted.
We attempted several contacting materials for the VIA architecture, namely
Au, MoRe, Al, Nb and V. Most of them turned out to be impractical for
either being too brittle and cracking the metal column while being pick-up or
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pinning too strongly to the substrate. We successfully use Au and MoRe in
ten MoS2 or InSe devices. Electron mobility up to 2500 ch/Vs and resistance
area product down to 14k Q pm?. Samples fabricated using VIA contacts are
the main subject of Chapter 5.

3.3. Measurement setup

Most of the experiments realized in this work use a standard lock-in tech-
nique to probe the conductance or current through the devices. The common
measurement setup is depicted in Figure 3.7. A sinusoidal voltage is provided
by the output of a lock-in amplifier which is then coupled to a DC voltage
source through a transformer. The voltage is usually lowered in the voltage
divider filtered for voltage ripples in a pi-filter. This excitation is applied to
the source side of the device. At the drain side, the current is amplified by
an IV converter and supplied to the input of the lock-in and DC multimeter.
The gate channels are also filtered before being supplied to the device gate(s).
In a four-terminal configuration, one can overcome the contact resistance by
directly probing the voltage drop of the system. This is done by adding a
differential voltage amplifier connected to the terminals to be measured and
provided its output to a (second) lock-in amplifier.

Multimeter

Lock-in

Vin o~ divider pi-filter IV conv.

Vout o~ s d
EISDNERES2) ’

bac = = device -

Vsp o=

Vo ol

e L e

Figure 3.7. Summarized schematic of the measurement setup. Values of
single components may vary according to experiment and were omitted.

3.4. Semimetal contacts to MoS,

Besides the contacting architecture the second crucial point for contacting 2D
semiconductor is choosing the correct material for the leads. For the purpose
of this work we are interested in superconducting leads, but an effective way
to reducing the Schottky barrier has been shown recently by Ref. [74] and
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3. Device Fabrication and Experimental Methods

[79], where they use semimetal as contacts which are approaching the quan-
tum limit of resistance in field effect transistors. Semimetals have a reduced
density of states around the Fermi level. As discussed in section 2.2.3, one
of the mechanisms for creating a Schottky barrier to 2D semiconductors is by
inducing MIGS in the band gap of the semiconductor. If these MIGS have a
considerable density of states, they are partially occupied, pinning the Fermi
energy to the gap. When in close contact to MoS2 the reduced density of states
around the Fermi level in the semimetal diminishes the formation of MIGS,
pushing the Fermi level up to the bottom of the conduction band of MoSs.
The few gap states present in MoS2 are fully occupied raising the Fermi level
pinning close to the conduction band minimum, as shown in Figure 3.8 c).

a) Si_miconductor b) Metal ~ Semiconductor C) Semimetal Semiconductor
E E

-------- Gap Ep ---- Gap
Branching
VB point of
= 5 MIGS
DOS DOS DOS
Gap-state pinning Gap-state saturation
Before contact
Tunnelling
barrier =
Metal — Semimetal —

Semiconductor Semiconductor
channel channel

Schottky Ohmic

Figure 3.8. Schematics of density of states for a) semiconductor in the
absence of interface with other materials. b) Metal-semiconductor interface.
The density of states in the semiconductor is altered due to proximity to
metal, generating MIGS, which are partially occupied. The Fermi level is
pinned at the band gap to the branching point between MIGS originating
from VB and CB. c¢) Semimetal-semiconductor. The semimetal density of
states diminishes the formation of MIGS, which brings the Fermi level to the
bottom of conduction band. Adapted from [74].

Another aspect of realizing ohmic contacts is to overcome the van der Waals
gap formed between contact and semimetal. Ref. [79] has computed that
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3.4. Semimetal contacts to MoSs

semimetallic antimony Sb (0112) hybridizes with the orbitals from MoS; such
that the p and s orbitals of Sb intersect with the d orbitals of Mo. Reducing
this physical gap between materials optimizes the charge injection into the 2D
semiconductor reducing the resistance-length product to 42Q2 um, approaching
the quantum limit of a metal-semiconductor junction, defined by

h |7
RQL = @ % (31)

with n the charge carrier density. This limit assumes ballistic transport of
charges with coherent transport across the interface without back-scattering.
Engineering of InSe into a semimetallic phase by yttrium doping has also
achieved resistances close to the quantum limit [51].

To reproduce the results shown in Ref. [74], we fabricated top contacted
monolayer MoS, devices with Bi/Au leads. A monolayer MoS, is exfoliated
directly onto a doped Si substrate with 80 nm SiO2 layer and immediately
spin-coated with PMMA resist. Contact leads are patterned by EBL and
after developing the resist the sample is immediately mounted to an E-beam
evaporator and pumped to 1077 mbar. A film of 20 nm bismuth is evaporated
at 0.5 A/s, followed by 60nm Au. The lift-off of the excess material is done
in a 50° C acetone bath. We note that bismuth is wetting SiOs badly, so an
additional Ti/Au (5nm/80 nm) is needed to create bondpads. The sample was
wire bonded, mounted to a dilution refrigerator, and cooled down to 60mK.

At maximum gate voltage, with n ~ 2 x 10'> cm ™2, we obtain a resistance-
length product of 15k Q um or 7k pm? resistance-area product. These values
are two orders of magnitude higher than reported by Ref. [74], but still one
of the lowest among our devices. From 14 samples fabricated', we obtained
a spread of values, shown in Figure 3.9, with only one sample approaching
the literature value®. This shows that the results are not easily reproducible.
Ref. [79] reports improved reproducibility for Sb (0112). We note that better
Bi films are obtained by cooling the sample to liquid nitrogen temperatures
during the material evaporation.

We exploit the Schottky barrier lowering caused by semimetallic bismuth to
create short S-N-S junctions. The idea is to use semimetallic Bi as a wetting
layer for superconducting contacts. We employ top contact fabrication as
described above, replacing Au with 100nm Al layer followed by 10nm Pd
capping layer. The following measurements were realized using standard lock-
in technique at 50 mK.

First, we make sure that the Al contacts are superconducting at low temper-
ature. For that, we probe the voltage drop across the superconducting leads as
a function of the magnetic field. By applying a constant current of I = 1 uA
to one of the sides of the lead and grounding the counterpart, we measure the

Mncluding Bi-Au and Bi-Al contacts
2Ref. [74] present results at 77 K.
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Figure 3.9. Resistance as a function of a) length and b) area of the Bi con-
tacts to MoSz. The Bi-Au samples are indicated, the other are Bi-Al samples.
The red and blue shades indicate room temperature and liquid nitrogen tem-
perature film evaporation respectively.

voltage drop and translate it to the resistance of the lead in the inset of Figure
3.10. Discounting for the series resistance in the cryostat, we observe a 32
increase in resistance around |B| ~ 4mT. This is compatible with the critical
field of bulk Al [132], demonstrating superconductivity in the Al leads.

Figure 3.10 a) shows the conductance of the MoSz channel as a function of
the backgate voltage Vpg. At maximum Ve = 45V we obtain a two-terminal
resistance of 600 €2, the best among the devices fabricated in this project.

Though the contact resistance was lowered, no sign of proximity-induced
superconductivity was observed. Figure 3.10 b) shows the conductance as a
function of the applied bias voltage. Around zero bias a sharp suppression
is observed much narrower than the energy values expected of Al supercon-
ducting gap [133]. Also, the suppression is persistent up to 9T magnetic field.
We tentatively attribute the suppression to the diminished density of states
in the semimetal. In Figure 3.10 b) we also plot the four terminal resistance
through the sample. Considering Rr = 2Rc + Raprc we can extract the
contact resistance, yielding 150 Q ym or 200 Q um?.
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Figure 3.10. Bi-Al contacts to MoSz. a) Conductance as function of Vgg.
The charge carrier density axis is calculated using a plate capacitor model. The
inset shows the resistance of one of the superconducting leads as a function of
perpendicular magnetic field B. b) Resistance as function of Vgp measured
between two and four terminal configuration.

3.5. Summary

We explore several fabrication architectures, contacting materials, and device
geometries. Device architectures such as VIA, edge- and vdW contacts are
well suited to retain the high electron mobility because the hBN encapsu-
lation can be employed. Top contacts are easy to fabricate but suffer from
polymer residues and degradation of the 2D material. Although interesting
for some materials, we did not achieve low contact resistances with edge con-
tacts. We employ several contacting materials searching for optimizing the
Schottky barrier formation, which we believe, is the main reason we observe
no proximity effect in our devices. We also demonstrate semimetallic contacts
to 2D semiconductors showing contact resistances approaching the quantum
limit. We fabricate devices using semimetallic bismuth as a wetting layer for
Al superconducting contacts. Although a substantial decrease in resistance
was achieved compared to other materials, we did not observe any signs of
superconducting effects. We speculate that Bi might cause a strong inverse
proximity effect by a strong spin-orbit interaction given by its high atomic
number. Figure 3.11 summarizes the resistance-area and length product for
the methods and materials employed in this work. For multiple samples of the
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Figure 3.11. a) Resistance-length product and b) Resistance-area product
of MoS; devices in this work and [123], compared to the records in literature
[74, 79]. Color code is dark blue for semimetals, light blue for superconductors,
and red for metals. Symbol code is 57 for top contacts, (O for VIA, A for
bottom contact, and ¢ for vdW contacts.

same type, we select the ones with the lowest resistance. All the values were
obtained for temperatures at least below 1.7 K.
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4 Quantum Point Contact in monolayer
M052

Phenomena involving gate-defined nanostructures have been investigated for
many decades and still bring out innovative results [134]. Implementing lateral
confinement in TMDCs such as MoS2 could provide control over charge, spin,
and valley states which is promising for future experiments and applications
[38]. In this chapter, we study the transport through a small constriction
generated by locally gating a monolayer MoS,. We demonstrate that this con-
striction forms a well-defined quantum point contact (QPC) by quantization
of the conductance through the channel in multiples of 2 x €*/h. Our mea-
surements also present indications of a 0.7 anomaly known in QPC devices.
The energy spacing between QPC states allows us to reach conclusions about
the confinement potential shape. Applying an external magnetic field perpen-
dicular to the sample we analyze the evolution of the plateaus due to Zeeman
splitting and further into quantizing fields.
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4. Quantum point contact in MoSs

4.1. Introduction

Quantum point contacts are the primary gate structure to demonstrate lo-
cal gate control in a two-dimensional system. These constrictions have many
applications in nanoelectronic devices. In ballistic systems, QPCs represent
an interesting point emitter, with an emission profile dependent on the mode
occupation [135]. They can also be used as charge detectors in proximity to a
quantum dot [136], as beam splitters [134], as spin filters [137], to investigate
spin-orbit coupling [138] or for controlled carrier wave package injection [139].
Their characteristic have also been studied in shot noise measurements [140],
thermoelectric transport [141], opto- [142] or magnetotransport [143]. When
in a proximitized region, QPCs can be used as a spectroscopy tool to probe
the superconducting states [144, 145]. Despite all these possibilities, there are
only a few reports exploring QPC in 2D semiconductors, with little explo-
ration of its prospects [127, 128, 146-148]. Here we report the fabrication and
characterization of a QPC to a monolayer MoS2, discussing the electrostatic
environment involved in the channel formation and its characteristics in energy
and magnetic field.

4.2. Fabrication

The sample consists of a monolayer MoS, encapsulated in hBN flakes and top
contacted by Bi-Au electrodes. We start the fabrication by exfoliating and
selecting a clean hBN flake of ~20nm thickness. To this flake, an EBL step
defines holes that will be used to electrically contact the sample. An SFg re-
active plasma etches down the hBN until the SiOs substrate is reached. The
flake is transferred to the glovebox, where MoS; is exfoliated to a monolayer
and identified by color contrast. Using the dry transfer technique, the mono-
layer MoSs is sandwiched between hBN flakes. The etched hBN flake is placed
at the top of MoSz leaving exposed to the contacts. A multilayer graphite at
the bottom of the stack is used as a global backgate. The stack is released
onto a SiO» substrate. Figure 4.1 a) shows an optical image of the sample.
Figure 4.1 shows a vertical cross-section of the heterostructure indicating the
thickness of flakes obtained by AFM scans.

After the stacking process, the PC film is removed in a dichloromethane
bath, followed by an IPA bath. The sample is blown dry and immediately
spin-coated to avoid long exposure of the MoS2 surface to the atmosphere.
An EBL step defines PMMA windows around the holes in hBN. The resist
is developed and the sample is transferred to the evaporation chamber and
pumped to 10~¢ mbar. A layer of 20nm Bi is deposited at the steady rate of
0.5 A /s followed by 50 nm Au capping layer. The excess material is lifted-off in
an acetone bath. A second EBL step defines the splitgate structure, leads to
graphite backgate, and to Bi-Au contact. Those are created by evaporation of
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4.3. Sample characterization
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Figure 4.1. a) Optical image of the sample, showing the flakes limits, con-
tacts, and splitgates deposited at the surface in yellow. The scale bas is 10 pm.
b) Schematic of a vertical cross-section of the heterostructure. The flake’s
thicknesses are indicated at the right of the stack. ¢) Scanning electron mi-
croscopy scan of the splitgate region. The scale bar is 200 nm.

5nm Ti plus 80 nm Au. The tips of the splitgates are designed to have 100 nm
circular radius, and 70 nm spacing, as shown in Figure 4.1 ¢). A length of about
1pum separates the center splitgate from contacts leads. Finally, the sample
is glued to a chip carrier, wire bonded and mounted to a dilution refrigerator
and pumped for 12hs. This helps to remove water molecules adsorbed to
the surface. The measurements described below are performed at the base
temperature of 40 mK.

4.3. Sample characterization

We first characterize the sample without the presence of the splitgate po-
tential. By applying a sinusoidal source-drain voltage added to a constant
voltage Vsp = 0.25mV we measure the differential conductance and DC con-
ductance as a function of Vpg applied to the graphite backgate. Figure 4.2
a) shows the conductance of the sample as a function of the backgate voltage
VB, applying the same voltage to the splitgates. A sharp increase in con-
ductance is observed from Vpg =0.5V, which saturates at Vg ~1.5V to a
flat slope around 0.65xe?/h, marked as region A and B, respectively. The
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Figure 4.2. a) Conductance as a function of backgate voltage Vpa. b)
Conductance as a function of splitgate voltage Vsg at Vg =3.4V. Three
regions are discussed in the text.

charge carrier concentration axis is calculated from a parallel-plate capacitor
model with depletion voltage Vg = 0.5V. We model the system as shown
in the inset of Figure 4.2 a). The 2DEG resistance Reprc is placed in se-
ries with two contact resistances Rc at the source and drain. At region B,
Vea >2V, we extract a slope of about 50Q/V. At the maximum backgate
voltage Vg =8V, we assume Rs > Rapra to extract a upper bound for the
contact resistance as Rc ~19k(). This contact resistance is severely higher
than the previously measured for the Bi-Au FET as in section 3.4. The reason
might lay in the exposure of the monolayer MoS, to sacrifice the PC film of
the stamp and dichloromethane after the stacking phase, which can induce
defects and impurities at the interface. In region A, we assume that Repra
is the dominating resistance to extract a field effect mobility from the linear
part of the slope, yielding prr =11504100 cm?/Vs. This value is comparable
to other encapsulated monolayer MoS, devices [39, 149] and to the estimation
from the magnetic field dependence (see appendix A). A mean free path can
be estimated by taking vr from the plate capacitor model. For example at
Vea = 3.4V, we obtain fme, ~ 45 nm.

Now we turn to the QPC formation in the 2D channel by applying a nega-
tive voltage to the splitgates. Figure 4.2 b) shows the measured conductance
through the sample as a function of the splitgate voltage Vsqg at Vpg =3.4 V.
We observe three distinct regions. For Vsg from zero to —3.5V (region I) a
slow decrease in conductance occurs. A transition marked by a sharp reduc-
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4.3. Sample characterization

tion of ~ 10% in conductance occurs at Vsg ~ —3.5V, identified as region II.
In region III, as stronger negative voltages are applied to the splitgate the con-
ductance continues to decrease forming step-like features, until total depletion,
at Vsg = —6.5V.

G (e2/h)
a) 0.2 0.4 06 D)
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SG
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CBG + + CBG + CBG
T Veo
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Figure 4.3. a) Conductance as a function of Vsg and Vgg. b) Schematic
of the vertical cross-section showing a capacitor network model between gates
and regions of MoSa.

Changing the backgate voltage alters the characteristics of the QPC pinch-
off curve. Figure 4.3 a) shows the conductance as a function of Vsg and
Vea at Vsp = 0.25mV. The bright areas represent a finite conductance, with
aforementioned regions I to III. At the dark sites, the transport is blocked
by the depleted QPC (IV), while the rest of the 2DEG is still open. For
Ve > 1.5V we see the formation of quantized plateaus in region III. For Vgq
below this value, there is a direct transition from open 2DEG (I) to depleted
(IV). The region within the red dotted lines represents region II.

We can qualitatively understand the slope structure of this plot using a
simple capacitor model, depicted in Figure 4.3 b). The chemical potential u<b)
directly below the splitgates is given by

,u(b) —en® = ceaAVpag + cg’éAVSG, (4.1)

where the gate voltages AVgg, sa is the difference to respective depletion
voltages and cpg and c(sbc); are the capacitances of the back- and splitgates to
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4. Quantum point contact in MoSs

the region directly below the splitgates (dark blue regions). The position of
feature with a fix u(b> in Figure 4.3 a) is then given by

(b)
AVBG(AVSG) = u<b) — chGA'VSG' (4.2)
CBG

where the ratio of capacitances cg’é /cBa is roughly the ratio the dielectric
thicknesses dorgn/diheN ~ 0.8 & 0.1, matching the slope ~ 0.77 of the right
red dotted line.

The region between the splitgates, i.e. light blue region in Figure 4.3 b)
is only reached by stray electric field lines. This means that the splitgate
capacitance to this region must be smaller then the regions directly underneath
it. Explicitly, we can write c(S%PC) < cg’é. Considering that the backgate
capacitance cpg is unchanged, we could write equation 4.2 for the region

between the splitgates leads obtaining a smaller slope for the ratio cg%Pc) /cBaG.

From the slope of the blue line in Figure 4.3 a) we obtain cg%PC)/cBG ~ 0.4,
which is consistent with this model.

For Ve < 1.5V the system goes from region I to IV without showing
quantized plateaus. This implies that the potential formed between splitgates
is too shallow, e.g. in equation 2.22 if wy/wy goes to zero, the plateau width
goes to zero.
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Figure 4.4. Zoom in region II of conductance as a function of Vsg at
Vea =3.4V. Two consecutive decreases in conductance are identified. In-
set shows the pinch-off curve for two other backgate voltages indicated. For
Vea =1.3V the shoulders are not observed above the noise level. The inset
has the same axis as the main figure.
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4.4. Region II: Current redistribution and Sharvin resistance

4.4. Region Il: Current redistribution and Sharvin resistance

Figure 4.4 shows a zoom-in region II of the splitgate voltage dependence.
Starting from Vse = —3V, an initial drop takes place at Vsg = —3.5V,
decreasing the conductance from 0.65 x ¢?/h to 0.63 x ¢*/h. Then, a shoulder
is formed followed by further decreasing to 0.60 x e?/h. This two-step decrease
is observed for all backgate voltages where region III is also visible.
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Figure 4.5. Simulation of diffusive system. a) Electrical potential and current
density (arrow) for an open conductor. b) Cross section of a) at y = 0.
¢) Electrical potential and current density (arrow) for the conductor with

constriction given by the geometry of the splitgates. d) Cross section of ¢) at
y=0.

We tentatively attribute these two steps to: i) an initial redirection of the
current distribution in the 2DEG when the constriction is formed, i.e. when the
2DEG region below the splitgates is depleted. At this stage, the 2DEG and the
constriction region are still in the diffusive transport regime. ii) The transition
from a diffusive to ballistic transport in the QPC so that the resistance of the
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4. Quantum point contact in MoSs

diffusive constriction region is replaced by a Sharvin resistance.

To illustrate the change in conductance due to the geometrical current re-
distribution, we simulate® the electrical potential and the current density of a
fully diffusive system characterized by a local resistivity. Figure 4.5 a) shows
a uniform decrease in electrical potential and constant current density. Once
the splitgates depletes the 2DEG the current is redirected to flow through the
constriction, as depicted in Figure 4.5 b). The electrical potential and the
current density along a cross-section at y = 0 for these two cases are plot-
ted in Figure 4.5 c¢) and d). The values for resistivity are taken from the
conductance at Veg =8V and Vsg =0 and the estimated area of the MoS»
flake. The boundary conditions for the potential are set by the applied DC
bias Vsp =250 uV.

From the mobility estimated above and the charge carrier density n ~ 3.5 x
10712cm2/Vs calculated from the plate capacity model at Vg =3.4V, we
obtain the sample resistivity without the splitgate influence. The increase in
resistance given by the first shoulder, ~1.2k{2 corresponds to a decrease in
width from ~3 pm (active MoS; width) to 70nm (design splitgate size) over
a length of about 30 nm.

To describe the ballistic case, while the channel is larger than the Fermi
wavelength avoiding discrete quantum states in the constriction, we assume
that the second increase in resistance as a Sharvin resistance Rgj, that is given
by [150]

mh

= — 4.
Esn 2e2kpw (4.3)

yielding Rsp ~ 1.3k for w =70nm and kr calculated by plate capacitor
model at Ve =3.4V, consistent with a resistance Sharvin mechanism [151].

These two pieces of information lead us to speculate about the first decrease
in conductance being caused by a geometrical redirection of the current, which
saturates after the constriction is formed giving rise to the first shoulder. The
second decrease takes place as the channel becomes smaller than £s,, due to
Sharvin resistance. Up to the moment of publication of this work, we became
aware of other possible mechanisms that could lead to the two steps described
above. Unfortunately, no strong proof ruling out one mechanism from the
other is yet available.

4.5. Region IlI: Series resistance extraction and quantized
conductance plateaus

In region III we find quantized conductance plateaus, as reported very early
on for GaAs [92, 93]. However, taking a closer look at the actual conductance

1Using MATLAB partial differential equation (PDE) solver.
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4.5. Region III: Series resistance extraction and quantized conductance
plateaus

values, one finds that they are not given exactly by an integer multiple of
62/h. This makes it necessary to find an independent way to subtract a series
resistance to identify the plateaus and the corresponding degeneracies. For
this purpose, we extract a series resistance such that the QPC conductance is

Gorc = ( - Rs)il. (4.4)

1
Gtot

The increment in conductance from one plateau to the next is related to the
number of degenerate subbands in the 2DEG. Ref. [128] suggests conductance
increments in steps of €2/h, implying a lift of the spin and valley degenera-
cies in MoS2. However, these results depend strongly on the extracted series
resistance. In the literature, it is common to take the open 2DEG resistance
(without the splitgate influence) as the series resistance. However, this ap-
proach disregards the increase in the resistance due to a redirection of current
density as the region below the splitgates is depleted as discussed above.
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Figure 4.6. a) Conductance of model (Blue) in comparison to measured data
(orange) as a function of Vsg. The inset shows how the saturation conductance
1/Rs matches region II. b) Corrected conductance of the QPC as a function
of Vs showing plateaus of 2 x ez/h.

To clarify the effect of the series resistance on the QPC pinch-off curve we
plot in Figure 4.5 a) the calculated conductance for a parabolic potential from
equations 2.22 and 2.23, using hw, =0.66 meV, hw, =0.53 meV. We compare
the model to the measured conductance from Figure 4.2 b). We find a series
resistance of Rs =40.9k{) causing a conductance saturation to Gs = 1/Rs.
This value is reached as long as the QPC has sufficient channel occupation,
being independent of the number of subbands or degeneracy contributing to
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4. Quantum point contact in MoSs

transport. Using this analysis to extract the series resistance Rs we plot Figure
4.6 b) of the corrected QPC conductance as a function of slipgate voltage.
Quantized plateaus of conductance with increments of 2 x e?/h are obtained,
corresponding to a degeneracy of two. We also point out the presence of a
shoulder at around 1.4 x e¢?/h which we tentatively attribute to 0.7 anomaly
known in QPCs [152]. Other examples are shown in appendix A. We observe
plateaus up to 5 x 262/h at maximum Vg =3.9V. Small fluctuations in the
conductance plateaus could arise due to mode mixing, away from the adiabatic
approximation, or the presence of defects in the proximity of the constriction,
as discussed in 2.3.

4.6. Transconductance measurements
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Figure 4.7. a) Measurement setup for transconductance. b) Conductance
and transconductance as a function of Vsg at Veg =3.9V.

To increase the sensitivity of the measurements to variation in the conduc-

tance caused by changes in the QPC potential, we measure the transconduc-
tance defined by

ger = dI/dVe (4.5)

where [ is the current through the semiconductor and Vi the voltage applied
to the gate. The transconductance is zero for conductance plateaus, and it
has finite values if the conductance changes with respect to the gate voltage
applied. The measurement setup for transconductance is shown in Figure 4.7
a). A sinusoidal voltage modulation provided by a lock-in amplifier is added
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4.7. QPC energy level spacing

to the DC voltage in a transformer and supplied to the splitgates. The sample
is biased with a DC voltage source (Vsp =250 V). At the drain, the DC and
differential component of the signal are measured. The sinusoidal modulation
is adjusted to an optimal frequency (f =7.77Hz) such that the out-of-phase
component of the signal can be neglected.

From the in-phase current modulation, we obtain the transconductance (in
units of A/V) divided by the amplitude of the voltage modulation to the
splitgate. Figure 4.7 shows the QPC conductance and the measured transcon-
ductance as a function of the splitgate voltage Vsg.

© & VTG @ &
€, | g
= VSD B | &

Figure 4.8. Schematic of transconductance as a function of the bias voltage
applied to the QPC and splitgate voltage. The white lines represent jumps in
transconductance as the chemical potential of the leads aligns with the energy
levels in the QPC. The energy alignment of lead with respect to the QPC
levels is shown in the boxes from a) to f).

4.7. QPC energy level spacing

The energy separation between discrete states of the QPC can be probed by
changing the source and drain electrochemical potential difference [153].

By applying a bias voltage across the QPC one can align source and drain
chemical potentials (us,p) to the transport resonances created by the confin-
ing potential as exemplified in Figure 4.8. As the chemical potential aligns to
one of the energy levels the conductance increases causing a peak in transcon-
ductance, marked as the white lines. The splitgate voltage shifts the energy
levels with respect to the chemical potential producing a sequence of diamonds
in transconductance. The difference in energy between two energy levels can
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4. Quantum point contact in MoSs

be read out at the edges of the diamonds (point b) when ugs p aligns to con-
secutive energy levels.

Figure 4.9 shows the transconductance (g¢) as a function of the Vsp and
Vsa, plotted in a symmetrical logarithmic scale to allow negative values. For
positive (negative) bias values we observe a positive (negative) transconduc-
tance, as changes in gate voltage cause an increase in current given by the bias
direction. An exception happens at the nodes around Vsg =6.75V, which has
a flipped transconductance. At these nodes the feature previously identified
as 0.7 anomaly develops into a resonance.

To find the actual voltage drop across the QPC, V&p, one has to consider
the series resistance, such that Vi, = Vsp — RsI. This transformation of
the voltages axis results in the replotted data in Figure 4.9 b), showing the
absolute value of the transconductance as a function of V§p and Vsg. The plot
has been normalized by the absolute values of each Vs for better visualization
of the diamonds. The tapered shape comes from the V§p axis correction as
described above.
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Figure 4.9. a) Transconductance g¢- as a function of Vsp and Vsg at Veg =
—3.4V. b) Transconductance as a function of corrected QPC bias V§p with
normalized values for each Vsg. The tapered shape comes from the correction
of the voltage bias for a series resistance Rg.

The limit of a diamond is extracted at 10% of the normalized scale. The
extracted energy separation Ae = eny1 — en are shown in Figure 4.10. A
decrease in the energy separation is observed for increasing N, which suggests a
potential shape that is flatter than a parabola. The error bars are given by the
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4.8. Magnetic field subband splitting

asymmetry of the diamonds in V§p axis. Varying the threshold for estimating
the width of the diamonds changes the absolute values of the spacing but not
the general decreasing trend.
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Figure 4.10. Energy separation between QPC energy level Aen extracted
from bias dependence.

Although this simple analysis provides insight into the QPC potential, there
are features that are not well understood. The diamonds have slight asym-
metry for the different bias sides, which gives some uncertainty to the spacing
extraction. The upper and lower boundaries of the diamonds seem to have
different slopes, which could be attributed to changes in the capacitance by
electrostatic screening after each mode is occupied. Between the diamonds,
there seems to be a subset of smaller diamonds, e.g. at Vgg = —6.25V and
—5.75 V. We speculate that these features arise from the small fluctuations
in the conductance plateaus as seen in Figure 4.6 b) and Figure 4.7 b). The
origin is related to the resonances nearby or the mixing modes of the QPC.

4.8. Magnetic field subband splitting

We now investigate the effect of a magnetic field applied perpendicular to the
sample plane. Figure 4.11 a) shows the conductance of the QPC from zero
magnetic field to 500 mT in steps of 25 mT. A line resistance was subtracted
as described above. The lines are displaced in the Vs axis for clarity. At zero
magnetic field, the plateaus occur at multiples of 2x e? /h. Asthe magnetic field
increases the fluctuations on the conductance plateaus continuously change.
From 4 x ¢*/h we notice a branching of another conductance plateau which
ends at 3 x ¢*/h. Similar branching happens from the shoulder at 1.4 x ¢?/h
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4. Quantum point contact in MoSs

evolving to e*/h value at 500mT [154]. This picture corresponds to Zeeman
splitting of the degenerate spin subbands.

The evolution of the plateaus is best traced by considering the transconduc-
tance as a function of magnetic field B and splitgate voltage Vs, shown in
Figure 4.11 b). The white dashes follow the limits of the quantized conduc-
tance plateaus from zero magnetic field to finite field values as the plateaus
at odd multiples of e?/h evolve in splitgate axis. The map is filled with other
features which we attribute to the fluctuations in the conductance plateau.
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Figure 4.11. a) Evolution of the conductance plateaus from zero to 500mT in
steps of 25mT. Curves are shifted in Vs axis for clarity. b) Transconductance
as a function of Vsg and B. White lines are guides to the eye. The numbers
indicate the conductance values in terms of 2 x e?/h.

Figure 4.12 a) shows the continuation of the magnetic field plot up to 9T and
b) and schematic of the features. The QPC formation takes place at about
Vse = —3.5V and total depletion at Vsg = —5.5V. The black dotted line
below Vsg = —3.5V indicate the evolution of the plateaus multiple of 2 x eQ/h,
shrink down in magnetic field until the lines of consecutive odd multiples of
e?/h cross, indicated by the black dotted lines [93]. After this crossing the lines
are discontinuous, indicated by the yellow dotted lines. Similar characteristics
have been observed for GaAs [154, 155] and bilayer graphene [156]. The process
that creates these discontinuities is not well understood but is thought to have
a similar origin as the 0.7 anomaly [157]. At even larger magnetic fields, flat
horizontal lines take place, shown as the dotted light grey lines. We attribute
those to the interaction of the Landau levels with puddles of charge carrier
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4.9. Outlook

fluctuations within the QPC channel [158].

Additionally, for splitgate voltages above the QPC formation, there are di-
agonal lines which we interpret as a Landau fan diagram of Landau levels
tuned in carrier density by the splitgate voltage.
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Figure 4.12. Evolution of the conductance plateaus at high magnetic field. a)
Transconductance as a function of B and Vs¢. b) Schematic outlining features
in a). Numbers indicate conductance plateau values in terms of 2¢*/h.

4.9. QOutlook

We fabricated a 2DEG by encapsulating a monolayer MoSz2 in hBN showing
high electron mobility prr ~ 1155cm?/Vs. By applying a voltage to the lo-
cal splitgates, we were able to control the transport properties in a narrow
constriction. We discuss how the depletion of the 2DEG underneath the split-
gates can influence the sample conductance in the vicinity of the QPC. After
subtraction of the correct series resistance that includes both, the 2DEG resis-
tance and the lines resistances, a conductance quantization in steps of 2 x e /h
demonstrates a ballistic channel with discrete transverse states. The magnetic
field dependence suggests that the degeneracy is rather from the spin than
the valley degree of freedom. With simple electrostatic capacitances given by
plate capacitor model, we were able to reproduce the backgate dependence
of the transport. By probing the QPC energy channels using the chemical
potential of the leads, we extract the energy separation between these chan-
nels, which points to a smooth potential shape with curvature flatter than the
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4. Quantum point contact in MoSs

ideal parabolic potential. The higher subband was not necessary to explain
the QPC features. Perhaps the occupation of this upper subband is too high
in energy and the QPC is already open at this energies.

These experiments demonstrate a reliable one-dimensional channel with
well-understood electrostatic and quantum mechanical features given by sim-
ple models, which enable the use of QPC in MoS2 semiconductors for future
experiments, such as in probing superconducting proximitized regions and as
a building block for QDs for spin-valley qubits.
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5 Superconducting gap spectroscopy and
quantum interference effects on S-MoS;-S
devices!

In this chapter, we demonstrate vertical interconnect access (VIA) contacts
as a platform for superconductor-semiconductor hybrid devices. We build
junctions using molybdenum rhenium, a type II superconductor with high
critical field as contacts to a monolayer MoSs. In the first device, we demon-
strate the contacting of MoS, using the MoRe. Distinct contact resistance
makes the electron transport mostly dominated by a single N-S junction. A
clear superconductor gap is observed. In a second sample, we demonstrate the
tunneling of quasi-particles through two N-S junctions. Quantum interference
suggests coherent transport. A transition in the periodicity of the resonances
below the superconductor energy gap indicates electron-hole transport. Sub-
gap peaks in conductance close to zero bias voltage is evidence of Andreev
Bound States in the system.

Parts of this chapter were published in a similar form in Ref.[149]
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5. Superconducting gap spectroscopy and quantum interference effects on
S-MoSs>-S devices

5.1. Device I: Superconducting gap spectroscopy at N-S
interface

In this section, we report fabrication and measurements of a superconductor-
semiconductor hybrid device applying VIA contact technique. The material
of choice for the contacts is molybdenum rhenium (MoRe), a type II super-
conductor. A monolayer MoS: is taken as the semiconductor. The transport
characteristics are dominated by a single N-S interface. To avoid confusion
with devices in the next sections, we name this device I. This section was
published in a similar form in Ref. [149].

5.1.1. Fabrication

The sample consists of an encapsulated monolayer MoSs contacted by MoRe
VIAs. Figure 5.1 a) shows an optical image of the device’s surface and a
schematic of the heterostructure cross-section. The VIAs were fabricated using
by etching 200 nm radius holes into a 40 nm thick hBN flake with SF¢ reactive
ion plasma. Detailed parameters are given in appendix E. In a second EBL
step, a larger areas, ~300nm, are defined, where 60 nm of MoRe (50:50) are
deposited by sputtering. MoRe is a type II superconductor with bulk critical
temperature T¢c ~ 6-10K and critical field B¢, ~ 8-9T.

The chip containing the MoRe VIA contacts is transferred to the glovebox,
where the heterostructure is assembled. It consists of a monolayer MoSs en-
capsulated by hBN flakes and contacted by the MoRe VIAs. A graphite flake
serves as backgate. The heterostructure is released onto a SiO2 chip. A final
EBL step defines the leads and bondpads by evaporating Ti/Au electrodes by
standard electron beam evaporation.

Most of the experiments were performed in a dilution refrigerator at 60 mK,
with the exception of the higher temperatures, which were performed in a
variable temperature insert (VTI) with base temperature of 1.7 K.

5.1.2. Single N-S interface transport

The fabrication process yields about 60% of working contacts. The minimal
resistance area product is about 200k um. The four contacts are labeled
from C; to C4 in Figure 5.1 a). From simple estimations of the magnetic field
characteristics, we obtain electron mobilities 1 ~ 2500 cm?/Vs (data shown in
appendix B).

We use contacts C2 and C4 for the main analysis, with a channel distance of
about 4 um. We use the standard lock-in technique to probe the conductance
through the device by applying a sinusoidal signal of f =77 Hz of amplitude
Vac =5uV. A DC voltage bias is added to this through a transformer.
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5.1. Device I: Superconducting gap spectroscopy at N-S interface
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Figure 5.1. a) Optical image of the device I surface, indicating the contact
labels. Inset: cross-section of the heterostructure. b) Conductance through
C2-C4 as function of Vig at the bias voltages indicated. Inset: same as blue
dots on a linear scale, illustrating Coulomb resonances.

Figure 5.1 b) shows the conductance G24 = dI/dVsp as a function of the
backgate voltage Veg for three values of bias voltages Vsp, zero, 1mV and
3mV. Starting with the red dots for Vgp = 3mV, we observe an exponential
increase in conductance from the depletion at Veg ~ 4 V. Decreasing the bias
voltage to Vsp = 1 mV, shifts the depletion to a higher value, Vgg ~ 5V. The
extreme case happens at Vsp = 0, where the depletion happens at Vg ~
6V. This shift in the depletion voltage indicates a bias dependence on the
transport, suggesting an energy gap for low biases. Additionally, we observe
sharp resonances in conductance, which are consistent with Coulomb blockade
effects, shown in the inset of Figure 5.1 b). We note that the backgate should
affect the charge carrier density in the semiconductor, the Schottky barrier at
the metal-semiconductor interface and disorders induced by charge islands.

To further investigate the energy gap, we plot the conductance as a function
of voltage bias Vsp and backgate voltage Vp¢ in Figure 5.2 a). A suppression
in conductance of a factor of ~8 takes place at roughly |Vsp| =1.2 mV through-
out the whole range of Vpa. We attribute this value to the energy gap of bulk
MoRe, which is consistent with literature values [159]. For |Vsp| >1.2mV, we
observe a modulation in the conductance, correspondent to the aforementioned
Coulomb blockade resonances. These resonances result from strong confine-
ment near the contact region. Given that such a sharp gap is only observable
if a tunnel barrier is present between N and S parts, we understand the device
as a MoSz channel, incoherently coupled to the MoRe contacts with one of the
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S-MoSs>-S devices
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Figure 5.2. a) Conductance as a function of Vsp and Vee at B =0 and b)
at B=9T.

interfaces dominating the transport, namely the one with larger voltage drop.

Figure 5.2 b) shows the conductance as function of the backgate voltage
VBa and voltage bias Vsp, now at B =9 T magnetic field applied in out of
plane direction. As expected, the bulk MoRe superconducting gap diminishes,
represented by the reduction in the suppression width in bias. Moreover, a
backgate voltage dependence is observed, giving a tapered shape to the sup-
pression. This is tentatively attributed to a gate independent superconducting
energy gap convoluted with a gate tunable MoS, conductance.

We further investigate the gap dependence in magnetic field by repeating the
measurements shown in Figure 5.2 for more field values (See appendix B). We
averaged these plots over a gate voltage interval of 0.5 V for each Vsp value.
Figure 5.3 d) shows a consistent decrease of the energy gap for increasing
magnetic field. For B = 0 we fit the BTK model, using equation 2.36 modified
to include a broadening parameter [160]. The resulting fit parameters are
consistent with a single N-S junction with low transmission at the interface.

Figure 5.3 e) shows the trend of the energy gap A™ as a function of magnetic
field for three contact configurations. The inflection point of the curves are
taken as the energy gap. To fit the field dependence of the superconducting en-
ergy gap A* we use the standard theory of superconductivity for pair-breaking
in the dirty limit, where lng < € [161]. The energy gap A* is given by the
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5.1. Device I: Superconducting gap spectroscopy at N-S interface
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Figure 5.3. a) Average conductance as a function of Vsp at the indicated
magnetic fields. Curves displaced in y-axis. b) Superconducting energy gap A*
as a function of B for different contact pairs. A* is extracted from the inflection
points in the averaged curves (red disks), from the Coulomb resonances in
Figure 5.4 (purple stars), and from the data set shown in appendix B (blue
rectangles).

pair braking parameter a by [162]

A*(a) = A(@)[L - (a/A(a) ]2, (5.1)

where the order parameter A(a) is obtained from the self consistent equation
In(A(a)/Ao) = —ma/4A(a), with Ay being the energy gap in absence of
magnetic field. The field dependence of the pair braking parameter « is given
by

a = 0.5M0(B/B.)", (5.2)

with n as characteristic exponent. The best fit we obtain for n = 3, Ay =
1.12meV and the (upper) critical field Bc =14.5T. The latter value is clearly
larger than reported for bulk MoRe.

If a quantum dot is in close proximity to a proximitized S region, the tips of
the Coulomb diamonds are displaced in bias voltage by the superconducting
energy gap [163]. In Figure 5.4, we follow the evolution of Coulomb resonances
in magnetic field. The low-bias ends of the Coulomb resonances are shifted in
energy and in gate voltage, as indicated by the gray dashed lines, consistent
with a MoS2 quantum dot directly coupled to one superconducting contact,
forming an S-QD-N junction. We read out A* from the bias values at which
50% of the large bias conductance is reached at the tip of the Coulomb blockade
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resonances. With this analysis, contacts C1-C2 (purple star) yields a signif-
icantly larger zero field gap, Ao ~1.7meV, and a rather different functional
dependence on B. The latter is demonstrated by the dotted line obtained for
the exponent n = 2, and B¢ =6.4T. Furthermore, these resonances are con-
nected across the gap by a single faint resonance, pointed out by yellow arrows,
best seen at B = 2T. We attribute these lines to resonant Andreev tunneling,
in which the electrons of a Cooper pair pass through the QD in a higher order
tunneling process [163]. This process is suppressed much stronger by a tunnel
barrier than single particle tunneling, which suggests that the quantum dot is
strongly coupled to the superconductor [164]. The proportions of the quantum
dot are estimated using a circular disk geometry yielding r ~300 nm.
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Figure 5.4. Extraction of A* from Coulomb resonances displacement in Vsp
for contacts C1-C2. a) to d) show the conductance through contacts C1-C2
as function of Vpg and Vsp at the indicated magnetic fields. The Coulomb
resonances tips are indicated by the dashed grey lines.

The same analysis is made for contacts C2-C3 (blue rectangles), with data
available in appendix B. For this curve, we obtain n = 1, while A* ~ 1.12meV
and B¢ ~ 12T correspond well to the previously obtained values. While a
larger gap in the transport experiments can be simply attributed to a sig-
nificant fraction of the bias developing across another part of the device, for
example, across the second N-S junction, the different functional dependence
is not well understood.
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5.1. Device I: Superconducting gap spectroscopy at N-S interface

We now analyze the temperature dependence of the energy gap. Figure 5.5
a) shows the conductance of the device for temperatures ranging from 1.7 K to
7.8 K. The curve at 1.7 K is fitted (dashed line) using the BTK model, adjusting
the normal state resistance and the temperature. We use the inflection points
to estimate the energy gap size and plot it as function of temperature in
Figure 5.5 b). These points are fitted to A* = Agy/1 —T/T¢, yielding a
critical temperature Tc =7.7K in good agreement with literature values for
bulk MoRe [159, 165].
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Figure 5.5. a) Conductance as function of Vsp at the indicated temperatures
for contacts C2-C3. Curves displaced in y-axis. b) Extraction of A* as a
function of temperature from the inflection points of the curves in a).

5.1.3. Conclusion for device |

In conclusion, we established superconducting contacts to a monolayer of the
TMDC semiconductor MoS2 using MoRe VIA contacts. The transport cor-
responds to a MoSs incoherently coupled to MoRe reservoirs. The supercon-
ducting energy gap is in good agreement with a single N-S interface with low
transmission coefficient. The magnetic field- and temperature dependence of
the energy gap ensure conformity to bulk MoRe superconductivity. An asym-
metry in the contact transparency leads to a higher voltage drop at one of the
N-S interfaces, which dominates the transport.
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S-MoS;-S devices

5.2. Device Il: Quantum interference effects on S-MoS»-S
devices

The data in device I exhibited an asymmetry between contacts which led to
single N-S interface physics, i.e., one NS interface was more conducting for
sub-gap voltages, so that the measured voltage drop mainly occurs across the
other, less ideal junction. In this section we introduce a device with more
uniform contacts, demonstrating the two N-S interfaces. The previously ob-
served Coulomb resonances resulting from strong confinement are now replaced
by quantum interference effects. Sub-gap features evidence the formation of
bound states between the Andreev reflections at the N-S interfaces and defects
in the semiconductor.

5.2.1. Fabrication

Figure 5.6. a) Optical image of the device II surface with flakes indicated.
Scale bar is 10 um. b) MoRe VIAs contacts and their labels. Scale bar is 3 ym.
¢) Schematic cross-section of the heterostructure.

Device II? is fabricated in a similar manner as device I, with improvements
in the VIA contact fabrication. We decrease the channel length to 300 nm and
increase the yield and reproducibility of the contacts. The acceleration voltage
used in the EBL was reduced for a larger undercut in the PMMA mask, which
decreases the side deposition caused by MoRe sputtering. The reactive ion
etching with SF¢ was better timed to avoid excessive etching of the substrate
where the VIAs are deposited. An AFM cleaning step was introduced before

2Two samples were produced, showing compatible characteristics.
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5.2. Device II: Quantum interference effects on S-MoS>-S devices

stacking the hBN flake to clean residual side deposition and polymer at the
surface of the device. With a yield of 100% the contacts in device IT have
normal state resistance in the range of 150 - 200 k2 which corresponds to a
resistance-area product of 20 - 30k um?, a factor of ten lower than device I.
Figure 5.6 shows an optical image of the sample surface with contact labels
indicated. We focus our discussion on contacts C1-C2, with a separation of
about 300 nm.

5.2.2. Two N-S interfaces transport

This improved fabrication allows us to investigate new effects, onto which we
put now our focus.
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Figure 5.7. a) Conductance as a function of Vsp comparing devices I and II
at similar charge carrier density n. b) Conductance of device II as function of
VBa and Vsp.

In Figure 5.7 a) we compare the conductance of devices I and II as a function
of Vsp for at similar charge carrier density n ~ 6 x 10'2cm™2. The curve
for device I was rescaled for clarity. We observe a doubling in the width of
the suppression in conductance for device II, consistent with a low junction
transparency, but very similar for both contacts. This contrasts with the single
N-S interface transport exhibited by device I. We interpret this structure as a
more even voltage drop between the two interfaces. The quantities A/e and
2A /e are marked in the bias voltage axis.

The conductance as a function of Vsp and Vpg for device II is plotted
in Figure 5.7 b). The suppression in conductance at |Vgp| =2.4mV extends
throughout the whole Vgg range. For Vg <1.8V, we find Coulomb block-
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ade resonances, most likely due to disorder near the contacts, that become
less screened near the conduction band minimum. Here, we focus on larger
backgate voltages.

In this regime (Ve >1.8V), we find a continuous, essentially sinusoidal
modulation of the conductance as a function of both, V¢ and Vsp, without a
discernible Coulomb gap. The visibility of these resonances is AG/G ~ 0.2 for
|[Vsp| >2.4mV. At around Vpe =5V, an increase in the average conductance
takes place. This backgate voltage corresponds to n ~ 3 x 102cm™2, which
is obtained using a plate capacitor model with 30nm hBN flake thickness
and depletion voltage at Vg =0.6 V. This charge carrier density suggests
the occupation of the second subband [39]. At zero bias an even stronger
suppression in conductance is observed. These features are discussed below.

5.2.3. Quantum interference effects

a) norm G b) Vso (MV)

Vieg(V) Vea(V)

Figure 5.8. Evolution of FP resonances in gate voltage. a) Normalized
conductance as function of Ve and Vsp. Normalization is taken for every
bias voltage line. b) Wireplot of the indicated bias in a). The gap edges A/e
and 2A /e are marked as red lines. The black diagonal line follows a resonance
from high (bottom) to small (top) Vsp. The zoomed-in regions have the same
VBa range and mark the resonance peaks with orange X.

In this section, we discuss the modulation in conductance often called elec-
tronic Fabry-Perot (FP) resonances [166].
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5.2. Device II: Quantum interference effects on S-MoS>-S devices

To make these resonances more visible, we normalized the conductance along
the backgate axis of the data®, as plotted in Figure 5.8 a). We find a regular
pattern of narrow resonances with an enhanced conductance.

Such resonances in the normal state originate from constructive interference
of the partial electron waves formed between two scatterers, or in a confined
region, as in a cavity. The backgate tunability indicates that this interference
happens in the semiconductor material and that each resonance marks a spe-
cific Fermi wavelength Ap, multiples of Ar/2 should match the cavity length
L. Thus, a constructive interface takes place when

2Lkp = 27N, (5.3)

where N € Z.

We note that there is a change in the slope around \VSD\ =1.2mV and
2.4mV, switching from positive to negative slope and then back to positive
at small bias. These values of voltage bias correspond to A/e and 2A/e re-
spectively. We understand these changes in the slopes as a mere change in
the visibility of resonances with asymmetric barriers modulated by the DoS in
the superconductor, which results in a bias dependent electrochemical average
potential on the MoSs channel. The concrete discussion is given in appendix
C, but for the main text it is important to note that the spacing between the
resonances in gate voltage does not depend on the bias.

For hard-wall confinement, the spacing in k-space between two of the reso-
nances matches the cavity length as Ak = /L. Relating this spacing to the
spacing of the resonances when plotted as a function of the electron density,
one finds

_ \/27/p
L=t (5.4)

where p is the band degeneracy® and ny is the charge carrier density related
to the N-th resonance, which can be translated by equation 2.6 to a backgate
voltage.

From the data in Figure 5.7 b) we extract backgate voltages for consecutive
peaks and estimate L using equation 5.4. The results are plotted in Figure 5.9
b). For high negative, |Vsp| > 2A /e we obtain similar values of ~220 nm. For
a low bias of |Vsp| < 2A/e the apparent length of the cavity seems to double
i.e. L ~500nm.

3For every bias value we calculate the normalized conductance as G(Vpg) =
G(Veg) — Gmin

4 Gmaz — Gmin
Considering the two-fold spin degeneracy in monolayer MoS2, p = 2 for the lower sub-
band occupation and p = 4 if upper and lower subbands are occupied.
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Figure 5.9. a) Difference in Vpg for two consecutive resonances at Vsp =
—0.5V (orange dots) and Vsp = —3.5V (blue dots). b) Calculated cavity
length using equation 5.4 for two consecutive resonances at Vsp = —0.5V
(orange dots) and Vgp = —3.5V (blue dots). The dashed lines in both figures
represent the mean value of the respective points.

Since this effect seems not to originate from electrostatic effects (see ap-
pendix C), we attribute this apparent doubling of the cavity length to Andreev
reflection (AR) occurring at one of the superconducting reservoirs, which re-
sults in a hole being retro-reflected and retracing the same trajectory as the
original electron, thereby acquiring the same phase one more time. Only after
another AR process, the hole is again converted into an electron partial wave
that can interfere constructively with the original electron wave, as shown in
Figure 5.10 for a) above the superconducting gap and b) sub-gap AR.

Such a discrete quantum state with an AR process at one or more bound-
aries is usually called "Andreev bound state" (ABS), and were observed in
MBE grown 2D systems [167] and in several 1D systems, like carbon nanotubes
[168-170] or semiconducting nanowires [17], and now in a 2D monolayer semi-
conductor. We note that in contrast to previous examples based on quantum
dot physics, in the presented case, electron-electron interactions seem to be
negligible and the ABSs are dominated by the quantized kinetic energy.

5.2.4. Two dimensional Andreev Bound states near a
superconductor in a disorder system

Now we focus on conductance resonances at very low bias, |V| < A/e. Figure
5.11 shows data sets for a series of magnetic fields and a smaller backgate
voltage range. In Figure 5.11 a) at zero magnetic field, the conductance shows
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Figure 5.10. 1D schematic of the process resulting in the cavity length dou-
bling. a) In the quasiparticle regime of the superconductor an electron reaches
the N-S interface and is retro-reflected by a NR, traveling the length 2L be-
fore being backscattered and interfering with itself. b) At the superconducting
gap, the electron is retro-reflected as a hole, which travels the length L, then
is backscattered back to the N-S interface. Another Andreev reflection gener-
ates an electron which then interferes with the initial wavefunction. The total
length traveled is 4L.

sharp resonances that can be traced back to the FP resonances discussed above.
These resonances end at a maximum conductance at |Vsp| =170 uV. Below
this voltage, the conductance is suppressed by a factor of ~ 3 at zero bias
voltage. For the sake of discussion, we call this feature "minigap" [171, 172],
to distinguish it from the superconducting energy gap of bulk MoRe. We find
such a minigap for all gate voltages, and similar characteristics in experiments
with other contact pairs. For larger magnetic fields, for example in Figure 5.11
b), the peaks of the minigap split in energy, which results in a slightly larger
minigap and two "sub-minigap" resonances, all essentially independent of the
gate voltage, in contrast to the sloped resonances discussed in the previous
section. At a certain magnetic field of B ~2T, the two sub-minigap peaks
merge at zero bias to form a single maximum that sticks to Vsp = 0 as a
function of Vae. This zero bias peak (ZBP) persists for an extended magnetic
field range of ~1.2T. An example is shown in Figure 5.11 ¢) at B =2.8 T.

At even larger magnetic fields, the amplitude of the ZBP decreases below
the resolution of our experiments without a discernible splitting and with the
ordinary FP resonances becoming visible also in the minigap region, as shown
in Figure 5.11 d) for B =4T. The resonance spacing is essentially still the
same as at zero field, consistent with the fact that the bulk MoRe gap is still
significantly larger at these fields.

The magnetic field dependence of the minigap and the emerging zero-bias
conductance peak can be best seen in Figure 5.12 a), where we plot the bias
traces averaged over the backgate voltage range of Figure 5.11, for a series of
magnetic fields. In addition, in Figure 5.12 b) we plot a single trace of the raw
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Figure 5.11. Sub-gap peaks evolution in magnetic field. a) to d) Conductance
as function of Vg and Vgp at the indicated magnetic fields.

data (Vg =8V) as a function of B, with an individual constant background
conductance subtracted for each Vgg , to remove random conductance fluc-
tuations possibly due to flux vortices in the superconductor [163]. While the
former plot shows the zero-bias peak especially clearly, the latter shows the
splitting off of the sub-minigap resonances, a linear dependence of the position
with the magnetic field, and that they merge into a zero-bias peak that then
"sticks" to zero over a prolonged magnetic field. We have observed similar
characteristics, including ZBP at a finite magnetic field in the measurements
of all other contact pairs, and in other devices.

ZBP have gained a large interest in the search for topologically non-trivial,
Majorana-like subgap states, but have also been found in topologically triv-
ial phases [173, 174], for example, due to quantum interference in nanowires
with intrinsic spin-orbit interaction [175]. Since the resonances in our case
are essentially independent of the gate voltage, and the magnetic field is ap-
plied perpendicular to the electron motion, we propose a different mechanism,
namely ABSs forming in a slightly disordered 2D material near a supercon-
ducting contact.

Our semi-classical view is sketched in Figure 5.13. In the normal state of
a superconducting reservoir and at zero magnetic field, a single electron wave
forms a loop enclosing a finite area due to a series of scattering events near
the contact and normal reflections (NR) at the contact, as in Figure 5.13
a). On these loops, the partial electron waves can interfere constructively
or destructively, depending on the path length L and the Fermi wavelengths
of the electrons. The distribution of path lengths L; and the corresponding
areas A; are determined by the disorder characteristics, like the mean free path
Imsp, and vary from contact to contact. If the reservoir is superconducting,
the reflection at the contact is replaced by AR for low energies, which results
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Figure 5.12. Evolution of the sub-gap peaks in magnetic field. a) Average
conductance over Vpg =6.8-7.2V as function of Vsp at the indicated magnetic
fields. b) Conductance as function of B and Vsp at Veg =8 V. White dashed
lines are a guide to the eye.

in a retro-reflected hole tracing back the original electron path [176]. For
low enough magnetic fields the semi-classical trajectories can be considered as
straight before a scattering occurs, which suggests that the cyclotron radius
re = m;;F is smaller than the mean free path Iz, or B < :Z;’;’; ~ 2T,
for 1 ~5000cm?/Vs [149]. Over this range, we expect the trajectories to be
only weakly affected by the magnetic field, except for a phase gain due to the
enclosed area A. Similar as discussed in section 2.5.2, near a superconducting
contact [112], we obtain the condition for constructive interference on a given

path j as

EJ EI )
2@-% — 2arccos XN + 4%% =N -2m, (5.5)

where N € Z, Efv is the resonance energy, A the superconductor energy gap,
¢; = Aj - B is the magnetic flux through the area of the loop, and ¢o = h/e
the single electron flux quantum.

The first term describes a phase gain due to the evolution along the trajec-
tory, the second term is the phase due to the two ARs, and the third term
accounts for the phase due to the vector potential of the magnetic field. This
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Figure 5.13. Semi-classical model of the quasiparticle trajectories. The
shaded area on the side represents the superconductor interface, the white the
semiconductor and the start scatterers randomly distributed around fmgp,. a)
In the normal state of the superconductor and at B = 0, electrons are scattered
around the interface forming a loop of area A. b) In the superconductor limit a
AR hole traces back the original electron path. At small fields, the trajectories
are almost straight. The area A picks a flux ¢. ¢) In the superconductor limit
with quasiparticles in skipping orbits due to strong magnetic fields.

last term can have either sign because the electron can traverse the loop in
either direction. A more precise description would take into account the av-
erage over an ensemble of possible loop trajectories, for which we expect a
distribution with the most probable loop length on the order of a few mean
free paths. However, we stress that our picture is that there is a distribution of
such trajectories with a maximum number for a given average area and path
length, which results in a conductance maximum at the bias and magnetic
field that corresponds to the most probable trajectory properties. In addition,
we only consider small energies Enx << A, so that the second term can be
approximated as 2arccos Ex /A ~ 7 — 2Ex /A, which results in

2 1 4meA
En = —(N+ = B .
N=F (N + 2) + W 2 (5.6)
with the constant F := 2L + 2.
vE

This equation explains several of our observations:

1) for B = 0, there are no resonances allowed, and the first ABSs occur for
N = —1 and N = 1, symmetrically around Vsp = 0, which one might inter-
pret as a "minigap" at the characteristic energy A* = 7/F.

2) we expect the resonance energy to change linearly with B, as found in the
experiments, with a slope given by the prefactor in equation 5.6. We can
extrapolate these resonances to obtain the characteristic field at which the
resonances merge to zero bias, Bjow ~ . Though we at least qualitatively

4eA”
may understand the low field characteristics, this toy model does not account
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for the "sticking" of the resonance to zero bias. Our qualitative explanation for
this is that in this field, the cyclotron radius shrinks to the same order of mag-
nitude as the mean free path, so that the trajectories become curved. Once
re < {mfp, the trajectories are not affected by disorder anymore, and we expect
electron and hole skipping orbits. Since the most probable and efficient emis-
sion angle is perpendicular to the contact surface, the electron and hole areas
enclose the same areas, but, while obtaining the same kinetic and AR phases,
they pick up the opposite flux because of the opposite quasiparticle charge
[177], so that the two fluxes cancel and resonance becomes field-independent.
Similar as discussed in section 2.5.2, a finite bias then suppresses the con-
ductance because of different paths at different energies in the bias window
average out to zero conductance. We believe that this qualitative picture of
skipping electron and hole orbits at a superconductor interface shows similar
characteristics to more elaborate theoretical predictions of zero-bias peaks in
a disk-shaped semiconducting region surrounded by a superconductor [178],
which can also occur with only small spin-orbit interaction.

5.2.5. Conclusion for device Il

Improving the MoRe VIA fabrication resulted in devices with a lower contact
resistance and more uniform voltage drop at the leads. The latter is wit-
nessed by the doubling of the suppression in conductance, corresponding to
the quasiparticle tunneling through two consecutive N-S interfaces. In the gate
dependence we observe fluctuations in the conductance arising from coherent
quantum interference of the quasiparticle wavefunctions above the energy gap.
A doubling of the resonance frequency within the superconductor energy gap
is an indication of electron-hole transport mediated by AR at the supercon-
ducting contact. Moreover, we analyze sub-gap conductance peaks, which we
attribute to ABS between S and the surrounding disorder. We qualitatively
explain the behavior of these states in magnetic field by a semi-classical picture
of the quasiparticle trajectories.
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5.3. Outlook for MoRe VIAs to monolayer MoS,

We demonstrate that superconducting VIA contacts offer a promising platform
for implementing hybrid devices in the context of 2D semiconductors. We were
able to maintain pristine crystal with high electron mobility in chemical-free
interfaces to the superconductor material. The intrinsic superconductivity of
the leads presented clear effects on the device transport characteristics. Strong
indications of coherent transport were provided, with single particle resonances
above the superconducting energy gap, and Andreev bound state resonances at
energies below. Although the Josephson effect was not observed, we presume
that a reduction in the channel length could show coherent effects across the
entirety of the device.
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6 Quantum interference effects on S-InSe-S
devices

In this brief chapter, we discuss devices based in 2D InSe semiconductor.
Our interest in InSe lies in reported high mobility [REF] and low electron
effective mass. With CB minimum in the I" point, no valley degree of freedom
or intrinsic spin-orbit interaction InSe has a simpler band structure compared
to MoS2, which could be seen as control experiments to compare to the MoSs
devices.

We demonstrate edge contacts as a potential architecture for contacting
InSe in hybrid devices. Afterwards, we apply the VIA architecture to InSe,
which yields results comparable to MoS2. However, the sub-gap features do
not match the proposed model, requiring further investigation.
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6. Quantum interference effects on S-InSe-S devices

6.1. MoRe edge contacts to a few layer InSe

Edge contact technique is promising to avoid extensive modifications in the
band structure of 2D semiconductors caused by top contacted devices as only
the sharp end of the material is in contact with the metallic lead. Here we
demonstrate the fabrication of superconducting edge contacts to InSe and
characterize the electrical transport.

6.1.1. Fabrication

A 5nm thick InSe flake is encapsulated in hBN by the dry transfer method.
A multilayer graphene at the bottom of the stack serves as backgate. The
top hBN thickness is estimated about 40nm by AFM scans. An EBL step
defines regions in a PMMA resist which are etched using CHF3 plasma (pa-
rameters available in appendix E). Afterwards, 60 nm MoRe are sputtered into
the etched holes creating contacts to the InSe flake in a 300 nm channels. A
step AFM cleaning is performed to remove excess material resulting from sput-
tering. Ti-Au leads are deposited connecting to the MoRe electrodes. Figure
6.1 a) shows an optical image of the device surface before the Ti-Au leads were
deposited. The inset shows a schematic of the heterostructure vertical cross-
section. The sample was mounted to a dilution refrigerator and cooled down
to 60mK. The measurements shown below were performed using standard
lock-in technique.

a) VoRe b) 25
Vg =17V

hBN = 207
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Figure 6.1. MoRe edge contacts to InSe. a) Optical image of the sam-
ple surface. Inset shows a schematic of the vertical cross-section of the het-
erostructure. The scale bar is 10 yum. b) Conductance as function of Vsp at
Veg =17V.
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6.1. MoRe edge contacts to a few layer InSe

6.1.2. Characterization

We measured the conductance as a function of the applied bias voltage Vsp
for Vg =17V, shown in Figure 6.1 b). Similar results as discussed in chapter
5 are observed, showing transport characteristics of a quasiparticle tunneling
through a single N-S interface.

The conductance as a function of Vg and Vsp, plotted in Figure 6.2 a)
shows a tapered shape of the suppression in conductance. At Vpg <13V
the suppression has width Vsp ~1.5mV, which decreases to Vsp ~1.2mV at
maximum gate voltage. We tentatively attribute the tapered shape to a gate
dependent resistance of the InSe semiconductor, which has a similar value to
the resistance at the largest N-S interface below Ve =13 V. Above this value,
the main resistance is only the N-S interface bringing the suppression to the
expected value for Apsore.
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Figure 6.2. MoRe edge contacts to InSe a) Conductance as a function of
Vee and Vsp. b) Conductance as function of B and voltage bias Vgp at
Veae =15V.

Also in Figure 6.2 a), for bias voltages above Vsp =1.2mV conductance
modulations are visible. Upon further inspection, we note that these modula-
tions are also present in the sub-gap region (not shown). In this case, they form
a "minigap", as discussed in chapter 5, around Vsp =250 V. Additionally, two
CB resonances are seen at 10 V and 12V backgate. The interpretation of these
modulations is similar to the discussion in chapter 5, where here the variation
in the position of the "minigap" can be thought of as a variations in the path
length distribution made by the charges in the semi-classical model. Unfortu-
nately, the sub-gap limit in this sample is too noisy to make any comparison
of the apparent cavity length. Figure 6.2 b) shows the conductance at a small
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6. Quantum interference effects on S-InSe-S devices

Vsp range as a function of magnetic field for Vpg =15V. Here the dark region
at zero bias marks the "minigap" at around Vsp =250 V. Within the mea-
surement resolution, there seem to be no changes in bias of this feature. This
diverges from the splitting observed in chapter 5. Understanding this charac-
teristic in terms of the semiclassical ABS model (equation 5.6) would require
an extremely small magnetic field dependence which could be obtained by a
large path length and small loop areas, causing the second term of equation
5.6 to be negligible.

6.2. MoRe VIAS to few layers InSe
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Figure 6.3. MoRe VIA contacts to InSe a) Optical lithography of the device
surface, indicating flakes. b) Zoom showing VIA contacts a schematic of the
distance between contacts. c¢) Schematic of the vertical cross-section of the
heterostructure.

In this section, we demonstrate the versatility of VIA contacts by applying
to a different 2D semiconductor, InSe. Although InSe has a different band
structure and crystal lattice we obtain qualitatively similar results to the MoS»
devices.

6.2.1. Fabrication

We fabricate an encapsulated multilayer (~3L) InSe device with MoRe VIA
contacts. The hBN containing the MoRe VIAs belong to the same batch
as for device II, containing contacts spaced by 300nm and 1.7 um spacing
between pairs, shown in Figure 6.3 b) and schematic cross section in c¢). All the
other fabrication parameters match device II. The contact yield is about 70%.
Two samples were produced with reproducible results. The measurements
presented here were performed at 60 mK.
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6.2. MoRe VIAS to few layers InSe

6.2.2. Superconducting gap spectroscopy

We measure the conductance of the device using standard lock-in technique,
with sinusoidal voltage modulation of frequency 77 Hz. The first observation is
that depending on the contact pairs chosen for measurements, the conductance
presents suppression starting at either Vsp =1.2mV (for contacts C1-C2 and
C2-C4) or Vsp =2.4mV (for contacts C1-C2), as shown in Figure 6.4 a) and b).
Which reproduce the characteristics of devices I and II in chapter 5 in a single
device. We also note that the conductance is always reduced once contact C2 is
in use. Our interpretation is that contact C2 has a lower interface transparency
compared to C1 and C4 and once it is in use in a two-terminal measurement,
most of the voltage drops happen at it dominating the transport features.

a) G12 (1073 e¥/h) b) Gia (103 e2/h)
0 20 40 0 100 200

Vsp(mV)
Vsp(mV)

2.5 5.0 7.5 10.0
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Figure 6.4. Conductance as a function of Va¢ and Vsp for a) contacts C1-C2
b) contacts C1-C4.

For all contact configurations, we observe conductance resonances. The
slope of the resonances here is steeper and the density of the lines is higher than
the MoS, devices'. Also, the visibility here is more pronounced, AG/G ~0.4

While the slope is associated with the coupling to source and drain as
discussed in appendix C, the density of the resonances and the visibility are
given by the wavefunction interference with disorder in the 2DEG. Denser
resonance spacing results in a larger apparent cavity length, given by equation
5.4. This could suggest a larger spacing between scatterers or a longer fmgp
for the InSe device compared to MoS2. We understand the higher visibility of
the resonances as stronger localization of the quasiparticles in InSe, which is

I This comparison is only possible since the dielectric hBN flakes used in these heterostruc-
tures has a roughly similar thickness on the plate capacitor model.
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expected for mj,s. < Misos,-

6.2.3. Sub-gap peaks and magnetic field dependence
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Figure 6.5. Sub-gap peaks for contacts C1-C2. Conductance as a function
of Veg and Vsp at two different Vae ranges. a) Finite bias peaks from 6.4V
t0 6.6 V b) A zero bias peak extending from 7.6 to 7.8 V.

Now we focus on the sub-gap peaks for contacts C1-C4. The data for contact
pair C1-C2 can be found in appendix D.

Figure 6.5 shows the conductance for a lower bias range,|Vsp| =2mV as a
function of Vg at two backgate voltage ranges, from 6.4V to 6.6 V and 7.6 V
to 7.8 V. For most of Vg we observe a "minigap" shown in Figure 6.5 a), with
finite bias peaks (FBP) and a suppression at zero bias. But for a few irregular
segments of Vg, e.g. 7.6V to 7.8V, we observe the formation of a single peak
at zero bias voltage (ZBP), as in 6.5 b). The same ZPB is also present at from
Vee =7V to 7.1 V.

The difference between FBP and ZBP is more clear in Figure 6.6, where we
plot the average conductance for each Vsp value over the Vig ranges in Figure
6.5. The FBP (blue curve) are located around Vsp =20 uV, accompanied by
side peaks at Vsp =250uV. The ZBP is accompanied by a modulation at
Vsp =1.5mV.

The magnetic field evolution of these low bias peaks is shown in Figure 6.7
for a backgate voltage cross sections at Ve =6.55V, representing a region of
FBP and Vg =7.05V for a region of ZPB.

For the ZBP case, in Figure 6.7 b) we note a splitting into two peaks moving
to higher bias values as the magnetic field increases. For the FBP case, Figure
6.7 a), the peaks move only to higher bias values as the magnetic field increases.
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Figure 6.6. Average conductance as a function of Vgp for the backgate ranges
indicated.

This is contrasting to the MoS, data in chapter 5, where we observe a spitting
moving simultaneously to higher and lower bias values. Additionally, there
is no crossing at zero bias for finite magnetic fields as seen for device II in
chapter 5.

We sweep the magnetic field to negative values, to check for small offsets
that would push the crossing of the FBP to negative values. We did not
observe a crossing except for smearing at zero bias, which is hysteretic in the
sweep direction.

At B ~2.5T these peaks fade into the background conductance. The data
up to 9T magnetic field and at a larger bias range is shown in appendix D.
For both cases, the slope in magnetic field is similar under the measurement
resolution of ~64 4V /T, correspondent to a Landé g-factor g ~2.2.

The presence of FBP at zero magnetic field is clear in terms of equation
5.6 as discussed for device II. However, in our experiments, we only observe
an increase of the energy peaks in bias voltage as a function of magnetic
field, which contradicts the opposite of the field dependence. Additionally, the
presence of a ZBP can only be justified if the path length L increases such
that the minigap is smaller than our experiment resolution.
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Figure 6.7. Evolution of the low bias peaks in magnetic field. Conductance
as function of B and Vgp for a) finite bias peaks at Ve =6.55V b) zero bias
peaks at Vg =7.05 V. White dashed lines are guides to the eye.

6.3. Outlook

In conclusion, we successfully fabricated MoRe VIA contacts to a few layers
InSe and obtained similar results to MoSz. This demonstrates the versatility
of the contacting method. The sub-gap peaks and their evolution in field
is discussed in terms of the semi-classical picture provided in chapter 5, but
present a few divergences, that do not match the model.
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7 Conclusion and Outlook

The goal of this thesis was to develop and investigate the electronic trans-
port on planar superconductor-semiconductor hybrid devices, employing two-
dimensional semiconductors such as TMDCs and others.

The focus was a proximity region between superconducting leads connected
to a two-dimensional weak link. The main challenges were a reliable contacting
method that would provide low Schottky barrier and coherent electron trans-
port through the interface. Throughout the project, we investigate different
contacting techniques and materials to overcome Schottky barrier and opti-
mize the interface cleanliness between electrodes and semiconductors. Using
semimetallic bismuth, we were able to reproduce the low contact resistance
reported in a very recent publication, but employing such materials in combi-
nation with a superconducting film proved not straightforward. No effects of
superconductivity were observed suggesting the bismuth might not be suitable,
but not discarding the use of other semimetals.

The VIA contacting method using MoRe resulted in devices with excellent
electron mobilities and coherent tunneling of quasiparticles through the N-S
interfaces, which provides spectroscopy measurements of the superconduct-
ing gap. We also observe quantum interference phenomena rising from the
quasiparticle wavefunctions interaction with the disorder in the system. By
analyzing the properties of these interferences, we obtain indications of elec-
tron hole transport and formation of Andreev Bound states in the sub-gap
regime. A simple semi-classical model provides qualitative understanding of
the evolution of sub-gap states in magnetic field. These results show solid
steps towards Josephson physics in 2D materials.

Additionally, we aimed to develop reliable local field effect gating, useful
for probing and manipulating quasiparticle states. This was realized by intro-
ducing narrow constriction in monolayer MoS2. We demonstrate well-defined,
quantized steps in conductance. The identification of the conductance steps
showed to be more problematic than for example in high-mobility GaAs, be-
cause the 2D material adjacent to the QPC cannot be neglected and requires
a more in-depth analysis, which we discuss with a simple electrostatics model.
By studying the discrete energy levels we were to infer properties of the con-
fining potential. The magnetic field dependence suggested degeneracy of spin
rather than valley degree of freedom.
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As an outlook, we expect 2D semiconductors to be a viable platform for
hybrid devices with exciting prospects of spin and valley degrees of freedom.
Further improvements in the channel length using the current MoRe VIA ar-
chitecture could lead to coherent effects connecting the two interfaces. The
established gate defined nanostructure could be used to probe the proximitized
region, providing insights of reflection coefficients at the N-S interfaces. Fu-
ture investigations should also focus on improving the interface transparency.
Although our results with Bi-Al devices were not promising there are other
semimetals that could be investigated, e.g. Sb or a-phase Sn. Although the
latter is known for being an unstable phase, it also possesses intrinsic super-
conductivity at low temperatures which is a considerable advantage. Once the
superconducting proximity effect is established in a considerable region, the
nanostructrures could be easily adapted to quantum dots and used in Cooper
pair splitting experiments. A planar gate tunable Josephson junction with
spin and valley degree of freedom and strong spin-orbit interaction could be
an exciting platform for quantum circuits as qubits or for the investigation of
exotic topological states.
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A Additional data to QPC device

Additional QPC pinch-off curves

Here we provide additional DC conductance plots as a function of the splitgate
voltage for different two backgate voltages.
of plateaus at Vg =2.5V is reduced to N =3. This is in agreement with
the inverse relation between the Fermi wavelength Ar and the charge carrier
concentration. Additionally, we note that this curve does not present the 0.7
anomaly as it is the case for Figure A.1 b) at Ve =3.6 V.
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Conductance as function of the splitgate voltage for a)
VBG =2.5V and b) VBG =3.6V.

93



A. Additional data to QPC device

Landau fan diagram

Applying zero voltage to the splitgates we measure the conductance of the
device as a function of the backgate voltage Ve and magnetic field B for
a voltage bias Vsp =8mV, shown in Figure A.2 a). By fitting a polynomial
we extract the background curve, plotted in b). We obtain the two subbands
MoS; Landau fan as reported by Ref. [39]. For Veg <3V a single the lowest
subband is occupied generating the fan structure denoted by the green dotted
lines. The onset of the lowest subband can be estimated by extrapolating
these lines to B = 0. With that we obtain Vg ~0.17V. For Vg >3V the
second subband contributes to transport. The onset is hard to determine by
extrapolation due to the broadening of the Landau fan lines. Here we observe
SdH oscillations down to B =5.5 T, which sets a lower bound for charge carrier
mobility as psqm >1800 cm? /Vs in good agreement with the estimated field
effect mobility.
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Figure A.2. Raw conductance as a function of Ve and B with no influence
from the splitgate. b) Background subtraction reveals the Landau fan diagram
of monolayer MoS2 with two subband contributions.
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B Additional data to Device |

Shubnikov de Haas oscillations

In Figure B.1 a) we plot the two terminal conductance through terminals C1-
C2 as a function of Vgg and B for Vsp =8mV. A third-order polynomial
background was extracted for each gate voltage to eliminate effects from the
classical Hall effect and CB effects. We observe well-developed Shubnikov de
Haas oscillations, suggesting a high MoS» quality, with an onset at Bon, < 4T,
yielding an electron mobility p >2500cm?/Vs.

a n.=4.1x10" cm? b) Subbands: Upper Lower
@ g () st prper L
#” - 4
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5| -4 (<-']> 6 2 <
-6 -3

Figure B.1. a) Two-terminal conductance Gi2 = I1/Vsp with Vsp = 8mV
applied to contact C2, plotted as a function of the magnetic field B and Vp¢ at
60 mK. ns points out the gate voltage corresponding to the electron density at
which the higher spin—orbit subbands start to be populated. b) Three-terminal
dc conductance Gasa21 = I2/Viz with an external bias Vsp =10mV applied
to C4, while the current I is measured at C2 and the voltage difference Vi
between C1 and C2. In both maps, a third-order polynomial was subtracted
at each gate voltage to remove a smooth background.

The two-terminal magneto-conductance measurements suffer from large back-

ground resistances due to Schottky barriers, which we can partially circum-
navigate by performing a three-terminal experiment. In Figure Figure B.1 b),
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B. Additional data to Device I

we plot the dc conductance Ga4,21, as explained in the figure caption. This
technique removes the contact resistance at C4 so that the conductance reso-
nances due to the Landau levels can be measured more clearly. The results in
Figure B.1 b) show similar patterns as in better-suited Hall bar experiments,
exhibiting clear superposition patterns of the spin and valley split subbands,
indicated by dashed lines. We note that due to the less ideal contact geometry
of our devices, we cannot go to lower electron densities in these experiments,
because the current density passing near the remote contacts is very low. For
more information see Refs. [39, 149]

Extraction of superconductor energy gap as function of magnetic
field

In the main text of section 5.1 we show the dependende of the superconducting
MoRe energy gap as a function of B extracted by different methods. In Figure
fig:add:morefields we provide a few examples of the Vpg ranges which were
average to plot Figure 5.3 a).
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Figure B.2. Conductance G4 as a function of Vsp and Veg at a) B =0, b)
B=5T,and c) B=9T.

Figure B.3 shows the Coulomb resonance tips with which the blue rectangles
in Figure 5.3 b) were extracted.
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Figure B.3. Conductance as a function of Vsp and Vg¢ using contacts C2-
C3 at the perpendicular magnetic fields indicated. The green dashed lines
show the Vsp used for extracting the energy gap (blue rectangles) in Figure
5.3.
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C Additional data to Device Il

Magnetic field dependence of the superconducting energy gap

We measure the magnetic field dependence of the suppression in device II,
resultant of the quasiparticle tunneling through the N-S interfaces. Figure
C.1 a) show the conductance as functions of B and Vsp at Ve =8V. The
indicated cross sections are plotted in Figure C.1 b). The behavior is similar
to the observed in device I.
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Figure C.1. Magnetic field dependence of device II. a) Differential conduc-
tance as function of B and Vsp at Vg =8 V. b) Cross section in Vsp for the
magnetic fields indicated. Curves are displaced in y-axis.
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C. Additional data to Device I1

About the resonance slopes in the gate-bias dependence

In this section, we investigate in some detail what the slope of the conductance
resonances should be when the differential conductance is plotted as a function
of the bias voltage, Vsp and the backgate voltage, Viag.

If the electron density would be determined solely by Vg, we would expect
only resonances with a positive slope, i.e. each change in the source elec-
trochemical potential is compensated by a corresponding change in the gate
voltage to follow a constant electron density. This slope would be given by

- dVérSS) . mhic

T v pem
where ¢ = eep/d is the geometrical capacitance per area formed by the backgate
and p = 2 the band degeneracy. However the actual values and the visible
negative sloped resonances do not match this picture.

We do not expect a significant capacitive coupling from the contacts to the
active region of the device, as we obtain very similar slopes and patterns in
long and short devices using other contact pairs. The average electrochemical
potential on the MoSz must lies in between ps and pup. To exactly determine
its position we assume that in equilibrium

(C.1)

dn !

E =78 T TDi — TSout — TDour =0 (02)
where rg p are the rate of carrier coming from (or moving out) the source and
drain leads. We can write rs,p in terms of the transmission probabilities I's, p

by

stst(l — P)DN =+ fDDDPD(]. — P)DN
— (1= fs)DsTsPDx — (1 — fo)DpTpPDy =0 (C.3)

with Dg p the quasiparticle density of states of the superconductor, Dy the
density of states in the normal conductor, f the Fermi distribution and P the
occupation probability. In this picture we neglect Andreev reflection processes,
i.e. we assume a small transmission probability to the reservoirs. With that,
we can estimate the occupation probability P(E) as

Ds(E — ps)f(E — ps)l's + Ds(E — pp) f(E — pp)I'p
Ds(E — ps)I's + Dp(E — up)I'p ’
The electron density is given by the gate voltage, with only the conduction
band minimum FE.p., as a free parameter,

P(E) =

n= / P(E)D2pdE = gAng,
E

cbm
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with Dap = p% the density of states in the 2D semiconductor and AVpa the
gate voltage measured from the pinch-off voltage (here ~ 0.2V). With Ecprm,
known, we can then calculate the electrical current

1= [ TEUE - ) - 15 - wldE.

Ecpm

with the transmission T'(E) determined by the constructive interference in the
device, for which we simply take a periodic function in FE.

These equations can be easily evaluated numerically. The corresponding
differential conductance G = dI/dVsp is plotted in Figure C.2, in a) for sym-
metric tunnel barriers, which results in the positive slopes following equation
C.1. The corresponding change in the conduction band minimum is plotted in
Figure b) and depends only on the gate voltage.

In contrast, by choosing asymmetric barriers or different background DoS,
we find a qualitatively very similar pattern as in our experiments in the main
text, namely an alternating visibility of the positive and negative slopes when
the bias is set below the A/e and 2A /e, respectively, show in Figure C.2 ¢). To
compare with the experiment, we also plot the conductance normalized sepa-
rately for each bias voltage in Figure C.2 e¢). Again, we plot the corresponding
modulation of the conduction band minimum in Figure C.2 d), which now
depends on both, Vsp and Vge.

The physical meaning can be understood easily by considering that a stronger
coupling to a reservoir gives a larger weight to the respective electrochemical
potential - reduced for energies in the BCS gaps.

For the main text, it is important to note that the spacing between the
resonances in gate voltage does not depend on the bias, which can be directly
seen in Figure C.2 f), since the number of resonances in the plotted gate voltage
range is the same for each bias.
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C. Additional data to Device I1

CBM
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Figure C.2. From a), ¢) and e) Differential conductance as a function of bias
voltage and backgate voltage. a) Symmetric tunnel barrier and symmetric
bias ¢) Asymmetric barriers with different DoS at superconductors. e) Same
as ¢) with normalized conductance of each bias voltage. b) and d) are the
corresponding shifts in CB minimum for symmetric and asymmetric barriers,
respectively. f) Cross sections of the indicated bias voltage in c).
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D Additional data to MoRe InSe device

This section presents additional data plots to the MoRe VIA contacts to a few
layers InSe presented in section 6.2.

Figure D.1 shows plots of conductance as a function of B and Vsp for a)
contacts C1-C2, where a suppression of A/e in bias is observed and b) for
contacts C1-C4, with a suppression of 2A /e in bias. The general tendency of
the suppression is a decrease in bias voltage as the magnetic field increases.
Additionally, the sub-gap peaks can be followed as they increase in bias voltage.

a) G2 (107%e?/h) b) G14 (1073 e2/h)
0 20 40 0 100 200

Vsp(mV)
Vsp(mV)

0.0 2.5 5.0 7.5
B(T)

Figure D.1. a) Conductance as a function of B and Vsp for contacts C1-C2.
b) Conductance as function of B and Vsp for contacts C1-C4.
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E Fabrication Recipes

In the following we give the detailed fabrication recipes used during this
project.

Van der Waals heterostructure fabrication
Material sources
1. Graphite: HQ-graphene

2. hBN: T. Taniguchi et al., National Institute for Material Science, 1-1
Namiki, Tsukuba 305-0044, Japan

3. MoS2:SPI supplies, natural source (Australia and Canada)

4. InSe: grown by the Bridgman method. Credited to Dr. Zakhar Kudryn-
skyi and Prof. Dr. Amalia Patane at the University of Nottingham.

5. Exfoliation tape: NITTO ELP-150P-LC

Reactive ion etching
CHF;5/0;
1. CHF3/02 (40sccm/4 scem); power 60 W; pressure 60 mTorr

2. Etching rates:
e hBN: 0.3-0.33nm/s
e SiO2: ~0.23nm/s
 graphite: 0.07nm/s
SF(;/AI’/OQ
1. SFe/Ar/O2 (20sccm/5 scem/4 scem); power 50 W pressure 25 mTorr

2. Etching rates:
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E. Fabrication Recipes

o hBN: >6.35nm/s
e SiO2: ~0.5nm/s

3. After the SF¢ etching a O2 plasma (E) was used to remove cross-linked
PMMA.

0>
1. O2 (20sccm); power 60 W; pressure 40 mTorr

2. Etching rates:
e hBN: ~0.33nm/s
o PMMA: ~1.66nm/s

Electron beam lithography

PMMA mask for etching and contact deposition
1. Prebake at 180 °C for 3 min

2. PMMA 950K (AR-P 672.045 Allresist) solid content 4.5-5.5%
3. Spin coat at 4000 rpm for 40 s with ramp rate of 1000 rpm/s (/= 450 nm)
4. Postbake at 180 °C for 3 min
5. Exposure with e-beam (EHT=20kV; dose~x400 C/cm?)
6. Development in cold (~5°C) IPA:H,0O (7:3) for 60s
7. Blow dry with Ng
PMMA lift-off
1. Sample in Acetone (T=50°C) for 30 min
2. Remove excess metal by Acetone flow created with a pipette
3. Transfer to IPA bath

4. Blow dry with Ng
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Metal deposition

Fabrication of VIA contacts

Clean Si substrate with acetone and IPA bath. Oz plasma for 1 min to
enhance adhesion and further clean surface.

Exfoliate hBN and select flakes with proper thickness and area.
PMMA mask contact areas by EBL (E)

SFe etching the whole hBN thickness. (E)

Wash away resist in acetone followed by IPA bath.

Second step of EBL defining areas slightly larger than the etched areas.

Contact material evaporation:
— Sputter MoRe using a AJA ATC Orion.
Ignite plasma (Ar 30sccm, pressure 20 mT, power 50 W)

— Presputter for 1-2 min
Single MoRe (1:1) target:
* power 100 W

* background pressure 2 mTorr
* Ar flow 30 sccm

* Sample rotation "on"

* height 40 cm

* rate 0.27nm/s

— Lift off in acetone warm acetone bath.

Fabrication of Bi-Au/Al contacts

1.

2.

3.

PMMA mask defined by EBL (E)

30s Oz etching (E) to increase the adhesion

The metal was deposited using a Sharon e-beam evaporator
5nm of Ti or Cr was deposited as a sticking layer
Evaporate Au

Lift-off in Acetone (E)

107



E. Fabrication Recipes

Fabrication of metal top gates

1.

2.

PMMA mask defined by EBL (E)

30s O2 etching (E) to increase the adhesion

. Deposite metal using e-beam evaporator

. Pre-deposition of Ti to trap Oxygen and lower the chamber pressure
. 5nm of Ti as a sticking layer

. Au deposition to desired thickness

. Lift-off in Acetone (E)

mixture

. rinse glass vial and magnetic stirring bar with chloroform
. add 0.7 g of Poly(Bisphenol A carbonate)
. add 20 ml of chloroform

. stir over several hours at 40° C until Pc is completely dissolved

Assembly of viscoelastic stamp

1.

2.
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Clean glass slides in a acetone followed by IPA bath.

Drop PC mixture in a glass slide and press it with a second slide, dis-
persing the liquid. In a rapid sliding movement, separate the two slides
remaining a thin PC film. Wait 5min for the film to dry.

. Place 1mm square cubes of PMDS onto glass slide.

. Place the PC film on the top of the PMDS cube with help of stick tape.
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