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Abstract

Superconductivity induced in semiconducting nanowires (NWs) via proximity effect
is an essential resource for applications in gate tunable and topological superconduc-
tivity, including Majorana bound states, gatemons, Andreev qubits. Previous works
in this area of research mostly utilize aluminium (Al) as the superconductor. Yet, Al
has one of the smallest superconducting critical field Bc and critical temperature Tc

of all known superconductors. Commercial viability in terms of cooling power and
driving proximitized systems to topologically non-trivial regimes via applied mag-
netic fields encourages using high Tc and Bc superconductors. This thesis explores
proximity effect in InAs NWs induced by molybdynum-rhenium (MoRe) alloy with
superconducting gap ∆ and Tc up to an order of magnitude larger than Al.

Starting with the bulk MoRe film, we find a Tc of 9.92 K and a Bc exceeding 6 T.
Tunnel spectroscopy of the NS device yields an estimated induced gap of at least
0.9 meV with a high subgap bound state density. The measured Tc of the NS device
was consistent with that of the bulk film. The bound states converge around zero bias
at ≈ 350 mT, however, a high bound state density makes it difficult to identify and
track the coherence peaks and therefore Bc could not be found from our data.

Considering the SNS devices next, we find a maximum critical current Ic of
23 nA. Magnetic field and temperature dependence of Ic exhibits a monotonic decay
with complete suppression at ≈ 0.23 T and ≈ 3 K respectively. Voltage bias spec-
troscopy of the SNS device in the tunneling regime reveals a gate dependent subgap
structure, arising from the multiple Andreev reflections (MAR) in the presence of a
single resonant level. MAR peaks in the tunneling regime yield ∆ = 1.10 meV. In
the open regime, a continuous supercurrent branch as well as finite bias MAR reso-
nances are observed. MAR peak positions in the open regime yield ∆ = 1.08 meV,
consistent with the value obtained in the tunneling regime.

The discrepancies between the observed and bulk values of ∆, Tc and Bc are
discussed in terms of the diffusive nature of our nanowires as well as the finite trans-
parency of the interfaces due to post growth processing of the nanowires. Neverthe-
less, a large induced gap combined with the high density of bound states in the NS de-
vices and a gate tunable supercurrent with well resolved MAR resonances in SNS de-
vices make MoRe a useful material to incorporate into semiconductor/superconductor
hybrids with epitaxial/pristine interfaces.
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Chapter 1

Introduction

The study of proximity effect in semiconductor/superconductor nanowire hybrids is
valuable both from a fundamental and practical point of view. Superconductors are
known for being perfect conductors and showcase ideal diamagnetism [1, 2]. On the
other hand, most of modern electronics, and indeed device physics, is built around
the ability to tune electron density in semiconductor materials using external, capac-
itively coupled electric fields [3]. A superconductor in good electrical contact with
a semiconductor induces superconducting features through a process known as the
‘proximity effect’ [4, 5]. Therefore, a combination of two material classes offers a
versatile platform for new device physics [6, 7, 8] and gate tunable superconductiv-
ity [9], as well as potential new applications. These include gate-controlled super-
conducting qubits, for which the key component is a Josephson junction [10, 11].
Gate dependence of the supercurrent and thus the Josephson energy allows imple-
mentation of qubit operations using electrostatic gates [10]. Recently, there has
been a strong interest in coupling the features of superconductor and a semiconduc-
tor in reduced dimensions with strong spin-orbit coupling and large Lande g-factor
[12, 13, 14]. In the presence of a parallel magnetic field, sufficiently smaller than
the critical field Bc, the proximitized system undergoes a topological phase transition
[12]. This new phase hosts exotic quantum states or excitations at the ends of the
semiconductor, which exhibit particle statistics that may find applications in quan-
tum computation [15].

Most of the experimental works involving hybrid devices use Al as the super-
conductor, which has one of the smallest Bc and Tc of all known superconductors
[16]. This serves as a motivation for utilising superconductors with potentially bet-
ter properties than Al, such as higher transition temperatures, critical fields and
superconducting energy gaps. This thesis investigates fundamental characteristics
of proximity effect in hybrid devices based on InAs nanowires and molybdynum-
rhenium alloy (MoRe) with superconducting gap ∆ and Tc up to an order of magni-
tude larger than Al. We performed measurements on the bulk MoRe film as well as
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normal/superconductor (NS) and superconductor/normal/superconductor (SNS) de-
vices.

Characterizing the sputtered bulk MoRe first, we find a Tc of 9.92 K and a Bc

exceeding 6 T, for a film with dimensions comparable to the electrodes used in the
NS and SNS devices. Moving to NS devices, the differential conductance dI/dV of
the device shows a region of Coulomb blockade at low gate voltages, facilitating the
measurement of the superconducting gap by tunnel spectroscopy. We observe a ‘soft’
gap with a high density of bound states and a region in gate voltage with a well de-
fined Yu-Shiba- Rusinov ‘YSR’ bound state, arising from the hybridization between
the quantum dot and superconducting lead states. From tunneling spectroscopy, we
estimate an induced gap of at least 0.9 meV. The temperature dependence of the in-
duced gap shows a monotonic increase in zero bias conductance Gs, approximately
equal to the normal state conductance GN at 10 K, which is consistent with Tc of
the MoRe film. Bound states split in the presence of a magnetic field and converge
around zero bias at ≈ 350 mT. A high bound states density makes it difficult to iden-
tify the coherence peaks associated with ∆ and therefore Bc for the NS case could
not be found from this data.

Turning to the Josephson junction devices, we use a constant current bias to mea-
sure the critical current Ic and observe a gate-tunable Ic, exhibiting universal fluctua-
tions due to the diffusive nature of the junction. We find a maximum value of 23 nA
at high gate voltage, which can be pinched of at lower gate voltages. Critical current
decays monotonically as a function of both magnetic field and temperature and gets
completely suppressed at ≈ 0.23 T and ≈ 3 K respectively. We also performed volt-
age bias spectroscopy of the SNS junction. In the tunneling regime, we observe a gate
dependent subgap structure, arising from the multiple Andreev reflections (MAR) in
the presence of a single resonant level. A superconducting gap of 1.10 meV is ex-
tracted from the MAR peak positions in the Coulomb blockade region. In the open
regime, a continuous supercurrent branch as well as finite bias MAR resonances are
observed. MAR peak positions in the open regime yield ∆= 1.08 meV, which is
consistent with the value found in the tunneling regime.

1.0.1 Thesis Layout

Chapter 2 provides a theoretical background relevant to this thesis. We start with the
BCS theory of superconductors and consider the excitation spectrum of a supercon-
ductor as well as important physical parameters in the BCS theory pertaining to our
experimental results. We continue with a brief introduction to semiconductors and
field effect. Special consideration is given to zero dimensional semiconductors i.e.
quantum dots, as they are most relevant for our experimental findings. Finally, we
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explain the proximity effect in superconductor/semiconductor hybrids through the
concept of Andreev reflection. Furthermore, emergence of a zero bias supercurrent
and finite bias multiple Andreev reflections (MAR) in a SNS junction are considered.
Chapter 3 presents fabrication techniques as well as electrical measurements at low
temperatures. In chapter 4, we present experimental results and provide a thorough
discussion on the observed phenomena and discrepancies between the theoretical
expectations and results. In Chapter 5, we conclude our experimental findings and
motivate future work based on MoRe based hybrid devices.
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Chapter 2

Background

2.1 Superconductors and BCS Theory

Atoms in a metal form a periodic structure or a crystal lattice. In band theory of
solids, electrons under a periodic potential occupy a series of energy bands consisting
of energy eigenstates only minutely different in energy. For T > 0 K, the occupation
probability of an eigenstate with energy ε is given by the Fermi-Dirac distribution
f (ε) = 1

e(ε−µ)/kT+1
, where µ is the energy of the highest occupied level at absolute

zero temperature called the chemical potential or the Fermi level. Above T = 0 K,
thermally excited electrons occupy the high density of states available with energy
ε > µ according to Fermi-Dirac distribution. Electrons in thermally excited states
are referred to as free electrons since under an applied voltage bias they can move to
neighbouring unoccupied states, resulting in electrical conduction [17].

Finite resistance in a material arises due to scattering of free electrons from
phonons, electron-electron scattering (e-e scattering) and scattering of single elec-
trons from impurities in a material. For those materials that support superconduc-
tivity, below a characteristic critical temperature, Tc, the system undergoes a phase
transition to a state with zero resistance. This state is more than just a ‘perfect con-
ductor’ however; for low applied magnetic fields, the material expels all magnetic
flux, and displays an ‘energy gap’ in the density of states, which forbids electron
occupation around the Fermi level [1, 2]. These features in elemental, and simple
compound superconductors are explained on a microscopic level within BCS the-
ory, which is characterized by an attractive electron-electron interaction mediated
by phonons [18]. This attractive interaction causes the electrons to condense into
a macroscopic quantum state, which can move with zero resistance and exhibit the
properties just described.
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2.1.1 Cooper Pairs

Free electrons in a metal can be modeled as a non-interacting electron gas inside an
infinite potential square well. The phenomenon of superconductivity is associated
with a new phase of electron gas. The ground state of electron gas (T = 0 K) is
unstable if a weak attractive interaction is introduced between two electrons [18].
In BCS theory, this interaction originates from the deformation of the lattice due to
motion of free electrons. As an electron passes by, it deforms the lattice which leads
to an increase in positive charge density. This results in a weak attraction experienced
by a second electron. The two electrons form a pair called a Cooper pair.

2.1.2 Instability of the Fermi Sea

The ground state of the square-well-confined electron gas in K-space consists of
all the electron states within the Fermi sphere [E < E0

F(T = 0K) = h̄2k2
F/2m]

filled and all states with E > E0
F unfilled. To work towards forming the BCS su-

perconducting ground state, we consider the consequence of adding two electrons
with [k1, E(k1)] and [k2, E(k2)] just above E0

F, which experience an attractive in-
teraction mediated by lattice deformation. The interaction is confined to a shell of
thickness h̄ωD above E0

F, where ωD is the Debye frequency of the crystal. All the
electrons with E < E0

F are assumed to be non-interacting and because of the Pauli’s
exclusion principle prevent the addition of any further electrons with E < E0

F. The
electron pair scatters back and forth between (k1, k2) and (k

′
1,−k

′
2) by exchanging

phonons, however, they must conserve momentum.

k1 + k2 = k
′
1 + k

′
2 = K (2.1)

From the above assumptions it is already possible to make general arguments about
the nature of the Cooper pairs. Firstly, the strength of the interaction is maximal for
K = 0 since in that case the area of interaction shell and therefore the number of
phonon exchange processes is maximal [2]. It naturally follows that the electrons in
a Cooper pair have equal and opposite wave vectors i.e. k1 = −k2 = k. Secondly,
for an attractive interaction, it is more favorable to have a two particle wavefunction
symmetric in spatial coordinates. Consequently, Pauli’s exclusion principle demands
that the spin part of the wavefunction must be anti-symmetric (singlet). Therefore,
electrons in a Cooper pair have opposite wave vectors and opposite spin. The spin
singlet nature of the BCS wavefunction leads to such superconductors being known
as ‘s-wave’ superconductors. Superconducting phases with higher order pairing may
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exist in more complicated materials such as cuprate materials, e.g. YBCO, however
we only consider s-wave in this thesis.

The interaction potential Vkk′ corresponds to back and forth scattering of a Cooper
pair between (k,−k) and (k

′
,−k

′
) states due to phonon exchange. We assume that

this interaction is constant and attractive i.e.

Vkk′ =

−V(V > 0) for ( h̄2k2

2m , h̄2k
′2

2m ) > E0
F

0 otherwise
(2.2)

Then the total energy of two electrons is ∆ + 2E0
F where ∆ is the energy contribution

from the interaction potential. Solving the two particle Schrödinger equation yields
the value of ∆ [2, 1]

∆ ≈ −2h̄ωDe−1/VN(E0
F) < 0 (2.3)

where N(E0
F) is the density of states of electron gas near the Fermi level. We arrive

at the important conclusion that by switching on an attractive interaction between a
pair of electrons mediated by phonon exchange, a two-electron bound state emerges
with an energy lower than that of a non-interacting electron gas. The ground state
of electron gas becomes unstable. So far, an interaction between only two additional
electrons above a fully occupied Fermi sea has been considered. In fact, the insta-
bility leads to formation of many such Cooper pairs by which the system achieves a
lower energy ground state. This new ground state is similar to the superconducting
phase of the electron gas.

2.1.3 BCS Model

In the previous section we saw that switching on a weak interaction between a single
pair of electrons leads to a reduction in the energy of the Fermi sea. At low enough
temperatures where ∆ is comparable to thermal energy kBT, more Cooper pairs are
formed to acquire a new lower energy ground state.The energy reduction results from
pair scattering from (k ↑,−k ↓) to (k

′ ↑,−k
′ ↓). However, it is not possible to

calculate the total energy reduction by simply adding the contribution from each pair.
The contribution from a new pair depends on the pairs that are already present and
the interaction between pairs is described as a many-body interaction. This means
one has to find the minimum energy of the system as a whole, meanwhile taking
into account all possible pair configurations. At T = 0 K pair formation requires an
excitation above E0

F and pairing results in an increase in kinetic energy. If the pair
state (k ↑,−k ↓) is occupied then the energy required to add an electron into state
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‘k’ is given by 2ξk where
ξk = E(k)− E0

F (2.4)

The increase in the kinetic energy is compensated by the reduction in potential en-
ergy due to pairs formation. Therefore, electrons in the region E0

F ± ∆ around Fermi
surface pair up and condense into the same ground state (at T = 0K), which is energet-
ically similar to Fermi Energy E0

F. Single electrons still occupy different momentum
states, so Pauli exclusion principle is not violated but as pairs they occupy the same
momentum state i.e. zero momentum state. These pairs form the BCS condenstate.
The Cooper pairs in the condensate move at the same speed but the individual elec-
trons making up a pair have opposite momentum. In pair picture (bosons) we cannot
use Fermi-Dirac statistics so the result can be interpreted as the "many-body energy
of one electron" (total energy/number of electrons) [2]. The overall energy of the
system has decreased. We are now in a position to construct the BCS wavefunction
and find the eigenenergies of the system.

2.1.4 BCS Excitation Spectrum

The theoretical background of transport properties in semiconductor/superconductor
hybrids rests on description of the superconducting excitation spectrum which we
consider here.

A general state of the pair (k ↑,−k ↓) is given by the superposition of two
orthogonal states corresponding to a case in which (k ↑,−k ↓) is occupied and
unoccupied with probability amplitudes vk and uk respectively and v2

k + u2
k = 1.

Scattering from (k ↑,−k ↓) to (k
′ ↑,−k

′ ↓) requires that the pair state (k ↑,−k ↓
) is occupied and (k

′ ↑,−k
′ ↓) state is empty. The many body ground state is

approximately equal to the product of individual pair states

|ψBCS
〉
≈∏

k
(uk + vkb†

k)|0
〉

(2.5)

where b†
k = c†

k↑c
†
−k↓ is the creation operator for a Cooper pair and |0

〉
is the vacuum

state.
Scattering from (k

′ ↑,−k
′ ↓) to (k ↑,−k ↓) involves annihilation of k

′
state

and creation of k state with an energy reduction equal to interaction matrix element
Vkk′ . Assuming a constant and attractive interaction potential V, the general Hamil-
tonian for the system in many-body representation can be written as

H = ∑
kσ

ξkc†
kσckσ −V ∑

kk′
c†

k↑c
†
−k↓c−k′↓ck′↑ = ∑

kσ

ξknkσ −V ∑
kk′

b†
k bk′ (2.6)



2.1. Superconductors and BCS Theory 9

Where ck↑(c†
k↑) is the annihilation (creation) operator for an electron with spin

up and momentum k. nkσ = c†
kσckσ is the number operator and it counts the number

of particles in the state with spin σ and momentum k. The first sum is over all spin
and momentum configurations and corresponds to the total kinetic energy depending
on if nkσ is 0 or 1. The second term corresponds to the energy reduction due to
all pair collisions. The second sum involves quartic interaction terms and it is not
possible to analytically diagonalize or find the eigenvalues of the Hamiltonian. We
use mean-field approximation, i.e. to replacing some of the operators with their
mean, to decouple the terms

c†
k↑c

†
−k↓c−k′↓ck′↑ '

〈
c†

k↑c
†
−k↓

〉
c−k′↓ck′↑ + c†

k↑c
†
−k↓

〈
c−k′↓ck′↑

〉
(2.7)

Now if we introduce the constant

∆ = V ∑
k

〈
c−k↓ck↑

〉
(2.8)

then the mean-field Hamiltonian can be written as

Hm f = ∑
kσ

ξkc†
kσckσ −∑

k

(
∆c†

k↑c
†
−k↓ + ∆∗c−k↓ck↑

)
(2.9)

Using the fact that

∑
kσ

ξkc†
kσckσ = ∑

k
ξk

(
c†

k↑ck↑ + c†
−k↓c−k↓

)
(2.10)

we can write equation 2.9 in the matrix form

Hm f = ∑
k

(
c†

k↑ c−k↓

)( ξk −∆
−∆∗ −ξ−k

)(
ck↑

c†
−k↓

)
(2.11)

Assuming inversion symmetry in the crystal i.e. ξ−k = ξk. The mean-field Hamilto-
nian is Hermitian so there must exist a unitary transformation U that diagonalizes it.
In other words, the matrix H has the same eigenvalues as the diagonal matrix U†HU
and UU† = I. Equation 2.11 under such unitary transformation can be written as

H = ∑
k

(
c†

k↑ c−k↓

)
UU†

(
ξk −∆
−∆∗ −ξk

)
UU†

(
ck↑

c†
−k↓

)
(2.12)

= ∑
k

(
γ†

k↑ γ−k↓

)( Ek 0
0 −Ek

)(
γk↑

γ†
−k↓

)
(2.13)
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Essentially we try to find the eigenvalues of the Hamiltonian in a different basis. The
diagonalisation process therefore involves a rotation of the original c-operators to
new γ-operators, which are linear combination of the original c-operators.(

γk↑
γ†
−k↓

)
= U†

(
ck↑

c†
−k↓

)
(2.14)

The unitary matrix that does the job is given by

U =

(
uk −v∗k
vk u∗k

)
(2.15)

Where each column is an eigenvector of the original Hamiltonian. The unitarity
requires that u2

k + v2
k = 1. Assuming uk and vk are real then the γ operators are

given by
γk↑ = ukck↑ − vkc†

−k↓ (2.16)

γ†
−k↓ = vkck↑ + ukc†

−k↓ (2.17)

and
γ−k↓ = vkc†

k↑ + ukc−k↓ (2.18)

γ†
k↑ = ukc†

k↑ − vkc−k↓ (2.19)

The diagonalized Hamiltonian 2.13 in terms of γ-operators can be written as

H = ∑
kσ

Ekγ†
kσγkσ (2.20)

which is similar to the non-interacting part in equation 2.6 except now the the new
occupation number nkσ = γ†

kσγkσ describes the number of excitations above the
superconducting ground state. The unitary transformation described above is called
the Bogoliubov transformation.

The γ-operators are fermionic operators as they fulfill the anticommutation re-
lations just like the c-operators. These operators describe excitations in a supercon-
ductor, which are fermionic quasi-particles. In this picture, quasi-particles are super-
position of an electron and a hole of opposite spin and momentum.The γ-operators
are called the quasi-particle annihilation (creation) operators. For example γk↑ (γ†

k↑)
destroys (creates) a quasi-particle which is a superposition of an electron in (k ↑)
state and a hole in (−k ↓) state. The probability amplitudes uk and vk are associated
with the electron and the hole part respectively. The quasi-particle excitations are
electron-like if u2

k > v2
k and hole-like if v2

k > u2
k. These quasi-particles are often

referred to as Bogoliubons.
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The quasi-particle eigenvlaues and eigenvectors can be calculated by solving the
eigenvalue equation (

ξk −∆
−∆∗ −ξk

)(
uk

vk

)
= Ek

(
uk

vk

)
(2.21)

Assuming ∆ is real, quasi-particle eigenvalues are given by

Ek± = ±
√

ξ2
k + ∆2 (2.22)

and the eigenvectors represented by superposition of an electron and a hole with
probability amplitudes uk and vk respectively

uk =

√√√√√1
2

1 +
ξk√

ξ2
k + ∆2

 (2.23)

vk =

√√√√√1
2

1− ξk√
ξ2

k + ∆2

 (2.24)

In the case ∆ → 0. u2
k → 1 and v2

k → 0 for k > kF (ξk > 0). Whereas u2
k → 0

and v2
k → 1 for k < kF (ξk < 0). This describes an excitation in a normal metal i.e.

creation of an electron above the Fermi surface and a hole below the Fermi surface.
The energies required are εk for adding an electron and −εk for adding a hole with
respect to the Fermi level and the excitation energy is 2ε. In superconducting state,
(u2

k, v2
k) 6= (0, 1) and an excitation is a superposition of both an electron and a hole.

For k > kF (ξk > 0) the excitations are electron-like and hole-like for k < kF

(ξk < 0). The excitation energies are Ek for adding a quasi-electron and −Ek for
adding a quasi-hole. Therefore, negative eigenenvalues in Eq. 2.22 are those for
quasi-holes and positive for quasi-electrons. Now since Ek > ∆ and −Ek < −∆,
the minimum excitation energy is 2∆ which is the energy gap.

The quasi-particle density of states NS is related to the normal state density of
states NN by

NS(E)dE = NN(ξ)dξ/2 (2.25)

Assuming the normal density of states is constant and equal to the density of states
at the Fermi level (ξ = 0), the quasi-particle density of states is given by

NS(E) =
1
2

NN(0)

{ |E|√
E2−∆2 if |E| > |∆|

0 otherwise
(2.26)



12 Chapter 2. Background

-

N
S
 (E)

 E
F

E

FIGURE 2.1: Quasi-particle density of states. The excitation spec-
trum of a superconductor has a gap of 2∆ centred around the Fermi
level. All the negative energy states are filled in the ground state of
a superconductor. The Cooper pair condensate resides at the Fermi

level.

The gap in the density of states pushes the states near the Fermi level to the gap
edges to conserve the density of states and form the coherence peaks. Electrical resis-
tance at low temperatures arises predominantly due to e-e scattering and scattering
from impurities. There are no states for the electrons to scatter to due to opening
of a gap in the density of states and a current can flow with infinitesimally small
resistance.

The diagonalized Hamiltonian (2.20) written in terms of the quasi-particle opera-
tors does not contain any interaction terms. Hence, quasi-particles are non-interacting
and we can use usual statistical mechanics for non-interacting fermions.〈

γ†
kσγk′σ′

〉
= f (Ek) δkk′δσσ′ =

1

e
Eσ
kT + 1

δkk′δσσ′ (2.27)

Since quasi-particles are fermions, they are described by the Fermi distribution. It
always takes energy to create a quasi-particle i.e. Ek > 0, therefore there are no
quasi-particle excitations at T = 0 K and the ground state of a superconductor only
contains Cooper pairs.

We conclude this subsection by considering the physical interpretation of excita-
tions in a superconductor. An excitation corresponds to breaking up a Cooper pair
in, e.g., state k

′
. We further assume that the spin up component occupies the state

(k” ↑). Then (−k
′ ↓), (k” ↑) are occupied and (k

′ ↑), (−k” ↓) unoccupied. Hence, an
excitation creates two quasi-particles with an excitation energy Ek′ + Ek” . Now since

Ek =
√

ξ2
k + ∆2, the minimum excitation energy is 2∆. The states k

′
, k” take no part
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in the interaction because the pairs cannot scatter into or out of these states and the
system energy increases. The BCS ground state described in Eq. 2.5 consists of pair
states with occupation probability v2

k. If k
′
< kF then v2

k′
> u2

k′
and by removing

an electron from pair state k
′

we add an overall ‘hole character’ to the BCS ground
state. Similiarly, for k

′
> kF, v2

k′
> u2

k′
and the excitation has an overall ‘elec-

tron character’. We therefore conclude that the excitations in a superconductor are
not entirely electron or hole-like but rather consist of quasi-holes or quasi-electrons.
Now since quasi-holes have negative energies, at finite temperatures all the negative
energy states are filled first as shown in Figure 2.1.

2.1.5 Physical Parameters in BCS Theory

A number of physical observables emerge out of the BCS theory and in this subsec-
tion we consider a few relevant to this thesis.

Coherence Length. We start with the spatial extent of the pair wavefunction called
the coherence length ξ0. This length scale determines the extent to which a super-
conductor can recover the bulk properties, when exposed to external perturbations.
We can estimate the coherence length from Heisenberg’s uncertainty principle

ξ0δk ∼ 1 (2.28)

∆ is the characteristic energy of a Cooper pair and we can find δk by

∆ ∼ h̄2

m
kFδk ∼ h̄vFδk (2.29)

Therefore ξ0 is given by

ξ0 ∼
h̄vF

∆
(2.30)

Superconductor used in this thesis is the Molybdynum-Rhenium (MoRe) alloy, for
which ξ0 is approximately 20 nm [19].

Critical Temperature and BCS Ratio. As discussed in the previous section, break-
ing up of a Cooper pair leads to reduction in the pair states taking part in the inter-
action. As we break more and more Cooper pairs, the interaction energy should
decrease. We can find the temperature dependence of the energy gap by considering
the gap function in Eq. 2.8, which after writing c-operators in terms of γ-operators
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can be written as [20]

∆ = V ∑
k

〈
c−k↓ck↑

〉
= V ∑

k
ukv∗k (1− 2 f (Ek)) (2.31)

By substituting the expressions for uk, vk we have

∆ = V ∑
k

∆
2Ek

tanh
(

Ek
2kBT

)
(2.32)

Which expressed as an integral over energy yields the BCS gap equation

1 = VN(0)
∫ h̄ωD

0
dξ

1
2E

tanh
(

E
2kBT

)
(2.33)

Where E =
√

ξ2 + ∆2. At T = 0 K Eq. 2.33 yields

1 =
VN(0)

2
sinh−1

(
h̄ωD

∆

)
(2.34)

In the weak interaction regime i.e. VN(0)� 1 we have

∆(0) =
h̄ωD

sinh
(

2
VN(0)

) = 2h̄ωD exp
(
− 2

VN(0)

)
(2.35)

Which is the same expression we obtained for the binding energy of a Cooper pair in
Eq. 2.3. We define the temperature at which ∆ = 0 to be the critical temperature Tc.
At T = Tc, Eq. 2.33 can be written as

1 =
VN(0)

2

∫ h̄ωD

0
dξ

tanh
(

ξ
2kBTc

)
ξ

(2.36)

By performing the integral we obtain the expression

kBTc = 1.13h̄ωD exp
(
− 2

VN(0)

)
(2.37)

Combining Eq. 2.37 and Eq. 2.35, we get the BCS ratio

2∆(0)
kBTc

= 3.52 (2.38)

Equation 2.38 suggests that the superconducting gap at T = 0 is comparable to kBTc.
The BCS ratio has been tested experimentally for many materials. For example, the
values for Al, Nb and Pb are 3.52, 3.9 and 4.5, respectively [21]. The deviations
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from the BCS ratio are attributed to the strength of the coupling between electrons in
a Cooper pair [21]. The weak coupling superconductors exhibit a BCS ratio of 3.52.
The superconductor of interest MoRe is a weak coupling, BCS-type superconductor
[19].

Meissner-Ochsenfeld Effect. Cooper pairs in a superconductor generate persistent
surface supercurrents that maintain a magnetisation in the interior, exactly opposite
to the applied external magnetic field [2]. Therefore, if an external magnetic field is
applied to a superconductor cooled below Tc, magnetic flux is expelled by the super-
conductor and interior of the sample remains magnetic field free. This is known as
the ‘Meissner-Ochsenfeld effect’. However, it costs energy to induce the supercur-
rents and above a critical field Bc, it is energetically more favorable to switch to the
normal phase and the magnetic field penetrates the material.

In certain superconductors above a lower critical field H1, magnetic field pene-
trates the superconductor in form of vortices, each with quantized flux Φ0 = h/2e.
The density of vortices increases with field and above an upper critical field H2 the
system goes into the normal state. Such superconductors are known as the type II
superconductors [22]. The superconductor of interest MoRe is a type II supercon-
ductor.
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2.2 Semiconductors

In band theory of solids, electrons under a periodic potential occupy a series of en-
ergy bands consisting of energy eigenstates with energy difference much smaller than
kBT in energy (Fig. 2.2). At T= 0 K, the band with highest filled states is called the
valence band and the band with lowest unfilled states is called the conduction band.
From a transport perspective, only the conduction and valence band are relevant and
the two bands are separated by a band gap Eg, an energetically forbidden region
where no electron states exist. Completely filled bands do not contribute to conduc-
tion as there are no empty states for electrons to move to and at equilibrium, for each
left moving electron, there is an electron moving to the right and net current is zero.
Only partially filled bands contribute to conduction since under an applied electric
field, the electrons can move to neighbouring states and there are more electrons
moving in one direction than the other and hence a net current.

Valence Band

Conduction Band

Fermi Level

E

EF

Eg

E

EF

-K K

EC

EV

EC

EV

FIGURE 2.2: Band structure of an intrinsic semiconductor. The rele-
vant bands from a transport perspective are the valence (EV) and the
conduction band (EC), separated by a band gap Eg. In an intrinsic
semiconductor, the Fermi level EF lies between the valence and the

conduction band

Therefore, at absolute zero, intrinsic semiconductors act as insulators. However,
under increasing T, electrons are thermally excited across the gap above kBT ∼ Eg

and contribute to conduction. The thermally excited electrons are referred to as the
free electrons. The occupation probability of electronic states in the valence and con-
duction bands is called the Fermi level EF. In intrinsic semiconductors, the number
of holes in the valence band is equal to the number of electrons in the conduction
band and hence the occupation probability of the valence and conduction band is
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equal. Therefore, in an intrinsic semiconductor, the Fermi level EF lies between the
conduction EC and valence band EV such that EF ∼ (EC + EV)/2 as shown in Fig.
2.2. In terms of energy, Fermi level corresponds to the energy required to add an
additional electron to the system. If the equilibrium electron concentration is higher
than the intrinsic concentration, the Fermi level shifts up closer to the conduction
band. Semiconductors with such a property are referred to as ‘n-type’. Similarly,
increasing the hole concentration shifts the Fermi level close to the valence band and
such semiconductors are known as ‘p-type’. In case of metals, due to high concen-
tration of free electrons, the Fermi level lies within the conduction band.

Intrinsic semiconductors typically have low conductivity due to the low and heav-
ily temperature dependent carrier concentration. The major advantage of semicon-
ductors, however, is that the carrier concentration and therefore the position of the
Fermi level can be controlled by either doping or electrostatic gating. Doping in-
volves addition of donor or acceptor atoms leading to n-type or p-type semiconduc-
tors respectively. Both doping and gating do not change the Fermi level per se, which
at equilibrium is fixed by the electrodes, but rather shift the entire band structure up
or down. Altering semiconductor properties by doping is not relevant for this thesis
and we only focus on tuning the carrier density via electrostatic gating.

2.2.1 Field Effect: MOS Capacitor

The basic principles of EF tuning by electrostatic gating can be demonstrated using
a MOS (metal-oxide-semiconductor) structure. MOS capacitor (Fig. 2.3) is made
up of a metal electrode called a gate and a semiconductor substrate, separated by an
oxide layer of SiO2.

FIGURE 2.3: The MOS capacitor. Figure adapted from [3].

We consider the MOS capacitor shown in Fig. 2.3. The gate and the semicon-
ductor form the two plates of the parallel capacitor. One can tune the carrier concen-
tration at the Si/SiO2 interface by applying a potential difference between the gate
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and the semiconductor. This is known as the "field effect". Fig. 2.4 shows the energy
band diagram at Vg = 0 of a typical MOS capacitor with a p-type semiconductor
substrate. Here, E0 denotes the vacuum level i.e. energy state of electrons outside
the material. At equilibrium, the Fermi level is constant throughout and the vacuum
level must be continuous. This condition leads to band bending at the interfaces.

EC

EV

EFEFEC

p-type SemiconductorGate Oxide

EC

EV

E0

FIGURE 2.4: MOS capacitor energy band diagram at Vg = 0.

We consider a special case where the energy bands of the semiconductor are
flat at the semiconductor-oxide interface. This is done by applying a negative gate
voltage and thus raising the band diagram on the gate side. The voltage required for
the flat band condition is denoted as Vf b. Flat band diagram is shown in Fig. 2.5.

EC

EV

EF

EFEC

p-type SemiconductorGate Oxide

EC

EV

E0

Vfb

FIGURE 2.5: Energy band diagram of a MOS capacitor under flat
band condition. A negative voltage equal to Vf b is applied between

the gate and the semiconductor to achieve this condition.

Surface Accumulation. If a gate voltage more negative than Vf b is applied, the
bands on the gate side move further up and as a result the bands at the gate-oxide
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and the oxide-semiconductor interfaces bend upward as shown in Fig. 2.6. Now
since EV is closer to the Fermi level at the substrate surface than the bulk, the sur-
face hole concentration is larger. Physically, a more negative gate voltage has an
influence on the majority carrier holes in the semiconductor, attracting them toward
the oxide-semiconductor substrate and thus shifting the Fermi level close to EV at
the substrate surface. These holes form a surface accumulation layer. In case of an
n-type substrate, the surface accumulation layer consists of electrons. Now if the
substrate is contacted with electrodes, the surface accumulation electrons provide a
channel for a current flow into the page, at the oxide/semiconductor interface. This
device architecture is known as a field effect transistor (FET) [3].

EC

EV

EF

EFEC

p-type SemiconductorGate Oxide

EC

EV

qVg

FIGURE 2.6: Energy band diagram for the case when the MOS ca-
pacitor is biased into surface accumulation.

Surface Depletion. Applying a more positive gate voltage than Vf b shifts the bands
on the gate side downward and therefore the bands near the interfaces bend down as
well. In this case, EF is far from both EC and EV and there is a depletion region
at the substrate surface. The positive gate voltage repels the holes at the oxide-
semiconductor interface into the semiconductor body and thus moving the Fermi
level away from EV at the semiconductor surface. In case of an n-type semiconduc-
tor, a negative bias is required for surface depletion.

The realisation of complex quantum devices based on the field effect is usually
achieved by selectively patterning multiple gates to selectively accumulate or deplete
electrons/holes in n-type/p-type semiconductors. This enables confinement to low di-
mensional systems, where the study of fundamental electron properties at cryogenic
temperatures becomes possible. The most relevant low dimensional system for this
thesis is quantum dots, which are effectively zero-dimensional objects for conduction
electrons/holes.
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2.2.2 Semiconductor Quantum Dots

Quantum dots are small islands of confined electrons with size ranging from nanome-
ters to few microns. In semiconductors, these are free electrons (holes) in the conduc-
tion (valence) band. We consider a quantum dot weakly coupled to a source (S) and
drain (D) contact by tunnel barriers. The chemical potential of the dot is controlled
by a capacitively coupled gate voltage.

If the size of quantum dot is comparable to the Fermi wavelength λF, confine-
ment of electrons in spatial directions results in a discrete energy spectrum dependent
on the symmetry of the system [23]. In case of high potential barriers between the
dot and the leads, tunneling to and from the dot is weak and electron number on the
dot is quantized i.e. it can only fluctuate by one. The Coulomb repulsion between
the electrons prevents addition of extra electrons on the dot unless a gate voltage is
applied to provide the necessary energy. The simplest model describing Coulomb
repulsion assumes the interaction between electrons to be independent of number of
electrons N on the dot. In this model, Coulomb interactions are accounted for by
charging energy U = e2

C for a single electron on a capacitor with capacitance C,
where C = Cg + CS + CD is the capacitance of the dot with respect to the environ-
ment. The charging energy increases for decreasing dot size. The necessary energy
required to add an extra electron is then given by Eadd = U + ∆E, where ∆E is the
energy difference between the quantized levels. Current will not flow unless neces-
sary energy is provided by changing the gate voltage. This is known as Coulomb
blockade.

2.2.2.1 Coulomb Blockade and Conductance Peaks

The ground state chemical potential for an N-electron dot is given by [23]

µN = (N − N0 − 1/2)U − e
(
Cg/C

)
Vg + EN (2.39)

Where N0 is the number of electrons on the dot at Vg = 0 and EN being the energy
of the highest level for an N electron dot. The difference in the chemical potentials
of the two electrodes is related to source-drain bias VSD by

µD − µS = eVSD (2.40)

According to Eq. 2.39, the chemical potential of the dot can be tuned linearly by gate
voltage with proportionality constant α = Cg/C, defined as the lever arm of the dot,
which allows one to translate the applied Vg into an energy, if one knows C/Cg =

Vg/Vsd. For very small bias voltage VSD ≈ 0, µS ≈ µD and by using gate voltage
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one can tune the dot chemical potential to a position where µS ≈ µN+1 ≈ µD with
µN+1 being the energy for adding the (N + 1)th electron to the dot. A current will
flow due to electrons tunnelling sequentially from source to dot and to the drain.
Further increasing the gate voltage shifts the chemical potential down in energy and
corresponds to a situation where the dot is filled with N + 1 electrons. The added
electron now provides Coulomb blockade charging energy, and thus further energy
is required to add the (N + 2)th electron to the dot and the flow of current is blocked.

A measurement of current with respect to gate voltage shows sharp peaks with
regions of Coulomb blockade as shown in Fig. 2.7 for a quantum dot with cylindrical
geometry [23].

FIGURE 2.7: Coulomb blockade in a quantum dot. The peaks cor-
respond to the sequential tunneling through the dot. The separation
between the peaks corresponds to the addition energies (inset). Figure

adapted from [23].

The first electron enters the dot at a gate voltage corresponding to the first peak
and the number of electrons increases by one at each subsequent peak. At a given
peak, number of electrons on the dot alternates between N and N + 1, as single
electrons tunnel sequentially from source to dot and to drain. N is fixed between the
peaks due to Coulomb blockade. The addition energy in terms of chemical potential
is given by Eadd = ∆µN = µN+1 − µN and is related to the peak spacing in gate
voltage by ∆µ(N) = eα

(
VN+1

g −VN
g

)
. Notice the addition energy is larger for

adding 3rd and 7th electron to the dot. This can be attributed to the energy spectrum
of the dot. Due to the confinement potential, the dot energy spectrum exhibits a shell
structure analogous to that found in atoms [24]. For a cylindrical geometry, the first
three shells can host 2,6 and 12 electrons respectively. Thus, for a given shell adding
an electron only requires the charging energy. Adding an electron to the next shell
requires additional energy equal to the level spacing between the shells.
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2.2.2.2 Coulomb Diamonds and Sequential Tunneling

Applying a finite voltage to the dot opens up a bias window between source and drain,
an energetic region given by µS − µD = eVSD and shown by the light grey region
in Fig. 2.8. For a dot with N electrons and chemical potential µN, the necessary
condition for a current to flow under a bias voltage VSD is

µS ≥ µN+1(Vg) ≥ µD (2.41)

For a gate voltage where chemical potential of the dot lies within the bias window
as shown in Fig. 2.8 b), current flows due to electrons tunnelling sequentially from
source to dot and to the drain.

For a given bias voltage, there is a finite gate voltage range ∆Vg for which the
chemical potential lies within the bias window allowing current to flow. The value of
∆Vg increases proportionally to the bias voltage and given by

|∆Vg| =
|VSD|

α
(2.42)

Further increasing the gate voltage shifts the chemical potential below the bias win-
dow and corresponds to a situation where the dot is filled with N + 1 electrons.
Additional energy is required to add the (N + 2)th electron to the dot and the flow of
current is blocked.

A measurement of differential conductance while sweeping bias voltage at var-
ious gate voltages results in Coulomb diamonds on a charge stability diagram, as
shown in Fig. 2.8 d) for a dot with spin degenerate levels. Light blue diamonds
correspond to Coulomb blockade (Fig. 2.8 a,c) and triangular areas outside the dia-
monds correspond to regions of conductance (Fig. 2.8 b). A particular dot level µN is
aligned with µS (µD) along the negative (positive) slope lines highlighted by blue and
red respectively. Dark gray triangular areas are associated with two-electron trans-
port i.e. two electrochemical potential levels are within the bias window. Here, the
voltage provides the energy for two electrons to tunnel into the dot before one elec-
tron tunnels out. The number of electrons inside a diamond is fixed and increases by
one where adjacent diamonds touch. The large diamonds indicate filled shells with
even number of electrons and therefore extra energy equal to the level spacing ∆E is
needed to add an electron to the next level. Thus, EC and ∆E can be extracted from
the small and large diamonds respectively. The ratio between the height of a diamond
from VSD = 0 and width can be used to determine the lever arm α of the dot as given
by Eq. 2.42. For certain geometries, especially gate-defined quantum dots, the dot
area may change with gate voltage, which correspondingly produces different α for
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each N [23].
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FIGURE 2.8: Schematic of a quantum dot system at finite applied
bias and varying gate voltage. The light grey region represents the
bias window. (a) Quantum dot system in Coulomb blockade. The
quantum dot level lies outside the bias window. (b) Sequential tunnel-
ing through the dot level. Gate voltage provides the necessary energy
to bring the level inside the bias window and a current flows. (c) The
system driven into Coulomb blockade by increasing the gate voltage
further. (d) Schematic of Coulomb diamonds in a quantum dot. In
the light (dark) grey triangular regions, one (two) dot level(s) lies in
the bias window and transport is allowed. The separation between the
edges of a triangular region defines the bias window. A particular dot
level is aligned with the source (drain) chemical potential along the
blue (red) lines. Light blue regions represent Coulomb blockade and
inside a diamond, the charge in the QD is well defined. The height and
width of the diamonds are related to the addition energy. Charging en-
ergy U for odd diamonds and charging energy plus the level spacing

U + ∆E for even diamonds.

2.2.2.3 Excited States

The simplified picture in Fig. 2.8 d) considered only how the diamond size changes
with the charge occupation, and how this depends on both the Coulomb energy and
the quantized energy levels. In the regime ∆E > kBT, the quantized energy levels
produce a rich excitation spectrum outside the Coulomb diamonds, since increasing
VSD at fixed Vg can facilitate transport through these states, as illustrated in Fig. 2.9.
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For simplicity, we consider transport through the ground state and the first excited
state as shown in Fig. 2.9 and described in the following steps:

FIGURE 2.9: Excited states in a quantum dot. Excited states appear as
lines running parallel to the diamond edges. (a)-(d) refer to the steps

described in the text.

a) We consider a fixed gate voltage within an N electron Coulomb blockade
diamond at VSD = 0.

b) VSD is increased at this fixed gate voltage and there is a step in the current
when VSD reaches the edge of the diamond i.e. µS = µ0

N+1. The bias voltage
provides the necessary energy to add an extra electron to the dot. Thus the up-
per edge of the N electron diamond corresponds to the N + 1 electron ground
state. Similarly, lower edge of an N electron diamond describes the N − 1
electron ground state. Here, the voltage allows removal of an electron from the
dot.

c) Vg is increased while keeping VSD fixed. The dot levels move down in en-
ergy and there is a step in current when µS = µ1

N+1 i.e. when the first excited
state is aligned with the source chemical potential. As a result, in a measure-
ment of differential conductance, excited states En

N+1 appear as lines (dashed)
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running parallel to the upper edge of an N electron diamond. Similarly, ex-
cited states En

N−1 for an N-1 electron dot are seen as lines (dotted) parallel to
the lower edge of an N electron diamond.

d) Further increasing the gate voltage results in another step in the current
down to zero when µD = µ0

N+1.

Access to excited states does not always lead to an increase in conductance, in
fact, it may even lead to a decrease [25]. This can be understood in terms of the
coupling of the quantum dot levels to the source and drain reservoirs. The spatial
wavefunctions for the ground and excited states differ slightly and the overlap of
level’s wavefunction to source and drain contacts determines the effective time an
electron spends on the dot [26]. It follows from the Heisenberg’s Uncertainty Princi-
ple that a level n has finite width or lifetime broadening given by h̄Γn = h̄ΓS

n + h̄ΓD
n .

The inverse lifetime Γn of a level n depends on the source and drain barrier heights
as well as overlap of a level’s wavefunction with the contacts. As number of elec-
trons on the dot can be changed only one at a time, onset of an excited state with
longer lifetime is followed by suppression of single electron tunneling via ground
state. Therefore, access to excited state can lead to a decrease in conductance and
can be seen as regions of negative differential conductance.

2.2.2.4 Cotunneling

Sequential tunneling via ground and excited states are first order processes involving
single electron tunneling. Higher order processes with tunneling events of several
electrons can lead to current in the Coulomb blockade region [27]. Cotunneling
involves transfer of an electron from source to drain via an energetically forbidden or
virtual state, i.e. a state that does not lie within the bias window. This can occur if the
tunneling time through the state is short or the state has higher lifetime broadening
Γ. Hence, cotunneling requires enhanced coupling between the dot and source/drain.

Cotunneling can occur through either elastic or inelastic processes. Elastic cotun-
neling is the dominant process at low bias and leads to current inside in the blockade
region (light grey region in Fig 2.10 e). This two-electron process transfers an elec-
tron from source to the ground state and then another from ground state to the drain.
This is depicted in Fig. 2.10 b). The final state of the dot is unchanged and the overall
process is energy conserving and hence called elastic cotunneling.
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FIGURE 2.10: Elastic and inelastic cotunneling in a quantum dot.
Figure reconstructed from [27]. (a) Onset of sequential tunneling
through the first excited state of an N electron dot. Both ground and
the excited states lie within the bias window. (b) Elastic cotunneling
via ground state at low bias voltage and corresponds to the light grey
region in (e). (c) Onset of inelastic cotunneling at eVSD ≥ ∆EN and
corresponds to the dark grey region in (e). (d) Line representing the
excited state of an N electron dot. (e) Charge stability diagram in the
presence of transport via cotunneling events. The light (dark) grey re-
gion in a Coulomb diamond represents transport via elastic (inelastic)
cotunneling events as illustrated in (b) and (c). ∆E is the excitation

energy of an N electron dot.

The onset of inelastic cotunneling occurs at eVSD ≥ ∆EN, where ∆EN is the
lowest excitation energy for an N-electron dot. The two-electron process involving
inelastic cotunneling is shown in Fig. 2.10 c). An electron from the source is trans-
ferred to the first excited state followed by another transfer from the ground state to
the drain. The overall process is again energy conserving, however, the dot is driven
into the excited state and hence the name inelastic cotunneling. The excitation is
created at the expense of voltage drop VSD across the dot. The onset of inelastic
cotunneling is characterized by a step up in the conductance at eVSD = ∆EN (dark
grey region in Fig. 2.10 e). The condition eVSD = ∆EN is independent of the gate
voltage as long as EN is weakly dependent on the gate voltage. Therefore, to first
approximation, the step due inelastic cotunneling runs along the line eVSD = ∆EN

inside the N diamond (dotted lines inside diamond in Fig. 2.10 e). At the diamond
edge, the line representing inelastic cotunneling onset meets the line associated with
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sequential tunneling via the excited state involved in the cotunneling. Therefore,
in strongly coupled dots, inelastic contunneling can be useful to resolve the excited
states of a quantum dot.

2.3 Proximity Effect in Superconductor/Semiconductor
Hybrids

Proximity effect can be described as leaking of the superconducting properties into a
normal material in electrical contact with a superconductor. The underlying process
leading to proximity effect can be described through the concept of Andreev reflec-
tion. We follow the Blonder–Tinkham–Klapwijk (BTK) formalism [28] to describe
the charge dynamics at a normal-superconductor (NS) interface. The superconduct-
ing gap prohibits electrons with energy E < ∆ from entering the superconductor.
However, an electron with E < ∆ in the normal material can be transferred as a
Cooper pair in the superconductor by an Andreev process. An Andreev process in-
volves reflection of an incident electron above the Fermi level as a hole below the
Fermi level and creation of a Cooper pair inside the superconductor [29]. This is
shown in Fig. 2.11.
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FIGURE 2.11: (a) Elastic scattering of an electron from a normal-
insulator interface. (b) Andreev reflection at an NS interface. An in-
cident electron with E < ∆ is reflected as a hole with opposite spin
and the energy of the incident particle is mirrored around the chemical
potential. As a result, a Cooper pair is generated in the superconduc-

tor.

2.3.1 Superconductivity in an Inhomogenous System

The gap parameter ∆ introduced in the elementary BCS theory is uniform in space.
However, for an inhomogeneous case such as the neighbourhoods in close proximity
to an NS interface, ∆ becomes a function of position. The bulk value of ∆ in the
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superconductor and ∆ = 0 in the normal region are recovered at a characteristic
length from the interface [4]. Eq. 2.31 can be modified to include the positional
variation of ∆ according to

∆(r) = V(r)
〈
ψ↑(r)ψ↓(r)

〉
= V(r) ∑

E>0
v∗(r)u(r)(1− 2 f (E)) (2.43)

where ψ(r) now represents the annihilation operators as a function of position. We
define a new quantity called the condensation amplitude [5]

F(r) =
〈
ψ↑(r)ψ↓(r)

〉
= ∑

E>0
v∗(r)u(r)(1− 2 f (E)) (2.44)

|F(r)|2 describes the probability of finding a Cooper pair at position r. Now if the
electron and hole amplitudes (u(r), v∗(r)) have a finite value close to the interface
then there is a finite probability of finding Cooper pairs in the normal region. The
presence of these normal pairing amplitudes is described in terms of Andreev reflec-
tion at the NS interface.

2.3.2 Link between Andreev Reflection and Proximity Effect

In inhomogeneous systems, the quasi-particle excitations are described by the Bogoliubov-
de Gennes equations [30]

ih̄ ∂
∂t ũk(x, t) =

[
− h̄2

2m∇2 − µ(x) + V(x)
]

ũk(x, t) + ∆(x)ṽk(x)

ih̄ ∂
∂t ṽk(x, t) = −

[
− h̄2

2m∇2 − µ(x) + V(x)
]

ṽk(x, t) + ∆(x)ũk(x, t)
(2.45)

Which are two coupled Schrödinger equations. Notice that in normal state i.e. ∆ →
0, these equations become equations for an electron and a time-reversed electron
(hole). In the superconducting state they are coupled via the order parameter ∆.
For the simplest case where µ(x), ∆(x) and V(x) are constant i.e. homogeneous
superconductor, the solutions are plane waves. Trying plane waves as a guess for the
solution

ũk(x, t) = ukeik·x−iEt/h̄

ṽk(x, t) = vkeik·x−iEt/h̄
(2.46)

we obtain
Ekuk =

(
h̄2k2

2m − µ
)

uk + ∆vk

Ekvk = −
(

h̄2k2

2m − µ
)

vk + ∆uk
(2.47)
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Solving for Ek yields

Ek = ±

√√√√( h̄2k2

2m
− µ

)
+ ∆2 (2.48)

The probability amplitudes uk and vk for quasi-electrons and quasi-holes are given
by

u2
k,e = 1− v2

k,e =
1
2

(
1 +
√

E2
k−∆2

Ek

)
u2

k,h = 1− v2
k,h = 1

2

(
1−
√

E2
k−∆2

Ek

) (2.49)

And we also define

u2 = 1− v2 =
1
2

1 +

√
E2

k − ∆2

Ek

 (2.50)

The probability amplitudes are complex valued for E < ∆. Wavenumbers for the
quasi-electron and quasi-holes can be determined by considering the eigenenergies
in Eq. 2.48

ke,h = ±
√

2m
h̄2

(
µ + ne,h

√
E2 − ∆2

)
(2.51)

Where ne,h = ±1 for electrons and holes solution respectively. The wavenumbers
ke,h are complex valued for E < ∆.

Wavenumbers for the normal state plane waves are given by

qe,h = ±
√

2m
h̄2 (µ + ne,hE) (2.52)

There are four type of quasi-particle waves

ψ±ke =

(
u
v

)
e±ikex (2.53)

ψ±kh
=

(
v
u

)
e±ikhx (2.54)

Let’s consider a normal/superconductor (NS) interface. An ideal interface only
allows Andreev reflection and no elastic scattering. However, this assumes perfectly
matched Fermi levels and thereby no velocity mismatch at the interface, which is in
general not the case for two arbitrary materials. Moreover, real devices may incor-
porate non-ideal semiconductor/superconductor interfaces unless the materials were
grown together epitaxially [31, 32, 33]. Therefore, particles undergo elastic scat-
tering in addition to Andreev reflection at the interface. We assume that the elastic
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scattering only occurs at the interface. This can be modeled by a δ function potential
barrier V(x) = hδ(x) at the interface, where h is the height of the barrier.

Now let’s consider a single electron incident at the NS interface. It can scatter
as an electron, a hole (Andreev reflect), transmit as a quasi-electron or a quasi-hole.
The wavefunctions for such a scenario can be written as

ψinc =

(
1
0

)
eiqex

ψrefl = a

(
0
1

)
eiqhx + b

(
1
0

)
e−iqex

ψtransm = c

(
u
v

)
eikex + d

(
v
u

)
e−ikhx

(2.55)

This is shown pictorially in Fig. 2.12
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FIGURE 2.12: Plane-wave coefficients as described for an incident
electron at an NS interface in the BTK formalism. qe(h) describes the
wavevector for an electron (hole) and ke(h) for a quasi-electron (hole).

We define the position of the interface to be x = 0. The boundary conditions
at the interface include continuity at x = 0 i.e. ψS(0) = ψN(0) and the derivative
boundary condition h̄/2m

(
ψ′S(0)− ψ′N(0)

)
= hψ(0). Applying these boundary

conditions to Eq. 2.55 yields the probability amplitudes a,b,c and d [28].

a =
uv
γ

b = −
(
u2 − v2) (Z2 + iZ

)
γ

c =
u(1− iZ)

γ

d =
ivZ
γ

(2.56)
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Where Z = mh
h̄2kF

= h/h̄vF is a dimensionless parameter describing the height of

the barrier at the NS interface and γ = u2 +
(
u2 − v2) Z2. The Fermi velocities for

N and S are assumed to be identical in determining Eq. 2.56. A possible mismatch
in the Fermi velocities is absorbed in Z. A(E) = aa∗ and B(E) = bb∗ describe
the probabilities for Andreev and elastic scattering respectively. A(E) and B(E) for
different values of Z are given in table 2.1 [28].

TABLE 2.1: Probability of Andreev reflection A(E) and elastic scat-
tering B(E) as a function of barrier height Z and incident electron
energy E. Z = 0 for a transparent interface and Z > 0 for a degraded

interface. u0 = u and v0 = v in the text. Table adapted from [34].

For a perfect interface, Z = b = d = 0, and the probability of Andreev reflection
is unity (A(E) = 1) for E < ∆. In other words, the conductance is doubled that
for E > ∆ since Andreev reflection leads to a charge transfer of 2e across the NS
interface. Moreover, there is a phase shift for Andreev reflection at energies E < ∆
given by

φAndreev = arg(a) = arg[
v
u
] = arccos

E
∆

(2.57)

According to Eq. 2.56, we find finite probability amplitudes for Andreev re-
flected holes and electrons near the interface in the normal region. Thus we obtain
a finite value for the condensation amplitude F defined in Eq. 2.44. The remarkable
conclusion is that there is a finite probability of finding Cooper pairs in the normal
material, and that there exists a corresponding superconducting gap. Effectively, su-
perconductivity has been induced into an otherwise normal material. This is known
as the proximity effect. Phase coherence length of Andreev reflected electrons and
holes in the normal region ξN now determines the spatial extent of the induced gap
in the normal region. Due to presence of elastic scattering at the interface, the value
of the induced gap may be smaller than the that of superconductor bulk gap.

On the other hand quasi-particles with energies E < ∆ have complex wavevec-
tors (Eq. 2.51) and form evanescent waves within the superconductor, which decay
exponentially over a length scale approximately equal to the superconducting co-
herence length ξ0. This leads to a decrease in the critical temperature Tc as well
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as superconducting gap ∆ near the interface. Current carried by quasi-particles de-
creases exponentially away from the interface and current carried by Cooper pairs
begins to dominate.

2.3.3 Tunneling Experiments as a Probe for Proximity Effect

Using tunneling experiments to probe the local density of states is an effective method
to study the proximity effect at an NS interface. When single electrons tunnel be-
tween two electronic systems on the right (drain) and left (source) side of a tunneling
barrier, a measure of differential conductance at voltage VSD is related to electronic
density of states on the right side of the tunneling barrier [35]. Mathematically this
is given by [35]

dI
dVSD

∝
∫

dE DT(E)
(

d f (E− eVSD)

dVSD

)
(2.58)

Where DT(E) is the tunneling density of states. At T = 0 the derivative of the
Fermi function in Eq. 2.58 is a delta function around eVSD and thus differential
conductance probes the local density of states at T = 0. At finite temperatures,

dI
dVSD

represents a smoothed version of density of states. We now have two distinct
possible regimes: The first, discussed in relation to Andreev reflection suggested
that for systems with no barrier/scattering at the N/S interface, conductance would
double below the gap. By contrast, introducing a tunnel barrier allows us to probe
the density of states. One route to study both of these regimes would be fabrication
of two separate devices, one with metal/superconductor interface to study the open,
transmissive regime, and another where we insert an insulator (e.g. SiO2) between
the N and S to create an NIS device that would allow us to measure the density
of states. A more attractive alternative is to use a semiconductor in place of the
insulator, since the semiconductor can be effectively tuned between these two distinct
regimes by electrostatic gating. We perform tunneling measurements by confining a
segment of InAs nanowire between a normal and superconducting lead. The normal
metal acts as a tunnel probe to measure the density of states of the nanowire segment
proximitized by the superconducting lead. In tunneling regime, two possible device
geometries are possible depending on the length of the exposed nanowire [32]

1. A Quantum Point Contact (QPC) formed between the leads and corresponds
to ballistic transport across the NS interface

2. A Quantum Dot (QD) formed in the exposed nanowire segment.
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b)a)

FIGURE 2.13: Quantum point contact and quantum dot geometries in
tunneling regime. Figure adapted from Chang et al. [36]

Only QD-like geometries were observed in all of the devices measured. The
quantum dot in Coulomb blockade acts as a tunnel barrier in the weak tunneling
regime. We can tune back and forth between the tunneling and open regime by
adjusting tunnel coupling of the dot via gating.

2.3.4 Andreev Bound States and Supercurrents in SNS Junctions

Although the NS geometry is now a common tool to characterize the induced gap and
bound state properties of semiconductor/superconductor hybrids [32, 31, 37, 13], the
arguably more technologically important device geometry is a Josephson junction
[38, 10]. A Josephson junction consists of a normal, insulating, or semiconducting
region sandwiched between two superconductors to form an SNS junction. Utilis-
ing a semiconductor as the ‘N’ component has enabled the realisation of, for ex-
ample, gate-tunable superconducting qubits [10, 11]. In this situation, interesting
new physics emerges due to the second superconducting lead. To understand this
physics, we begin with a simplified model where the normal region is a single chan-
nel QPC with perfect transmission. We further assume the length of the channel to be
comparable or smaller than the phase coherence length ξN of the normal region. The
interfaces are assumed to be transparent such that only Andreev reflection is allowed.
A right moving electron with energy less than ∆ incident on the right interface gets
reflected as a left moving hole and a Cooper pair is transferred to the right supercon-
ductor. The reflected hole accumulates a phase of eiacos( E

∆ )e−iφR with respect to the
incident electron, where φR is the superconducting phase of the right reservoir. The
reflected hole Andreev reflects again at the left interface as a right moving electron
and a Cooper pair is extracted from the left superconductor. The reflected electron
gains an additional phase of eiacos( E

∆ )eiφL with respect to the incident hole. Bound
states are formed by the superposition of Andreev reflected electron and hole pairs
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of opposite spins, known as Andreev bound states (ABS). As a result of Andreev re-
flection at two interfaces, Cooper pairs are transferred from the left lead to the right
lead and therefore Andreev bound states carry supercurrent through the junction [39].
This is shown schematically in Fig. 2.14.
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FIGURE 2.14: Andreev Bound states in an SNS Junction of length
L. At E < ∆, an electron incident at the right interface Andreev
reflects as a hole, which Andreev reflects as an electron at the other
interface. This leads to formation of a discrete state, consisting of
an entangled electron-hole pair bound between the superconducting
leads. The energy of the bound state can be tuned by adjusting the
phase difference φ = φR − φL between the two superconductors and

by a gate voltage in case of a finite transmission junction.

The resonance condition requires the total accumulated phase to be a multiple of
2π i.e.

exp[ i(2acos(
E
∆
)− φ)] = 1 (2.59)

2acos(
E
∆
)− φ = 0 (2.60)

and
E±ABS = ±∆ cos(

φ

2
) (2.61)

where φ = φR− φL is the phase difference between two superconducting reservoirs.
E±ABS gives the energy of the ground and excited states. The physical interpretation
of this result is that subgap resonant states exist in the normal region density of states,
which can be observed via tunneling spectroscopy.

The two bound states carry supercurrent in opposite directions [39]. The super-
current can be calculated by the thermodynamic relationship I = 2e

h̄
dF
dφ between the

current and the free energy F which in this case is the energy of the bound states.

I±ABS =
2e
h̄

dE±ABS
dφ

= ∓ e∆
h̄

∣∣∣∣sin
(

φ

2

)∣∣∣∣ (2.62)
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In a multichannel QPC, each mode contributes equally to the supercurrent as long
as there is no inter-modal scattering [39]. Each channel leads to a set of bound states.
The current carried by these modes can be written as

I±ABS = ∓N
e∆
h̄

∣∣∣∣sin
(

φ

2

)∣∣∣∣ (2.63)

Where N is the number of modes, which can be tuned by adjusting the width of
the QPC via gates. This is superconducting analogue of quantized conductance in a
normal point contact [39, 40].

2.3.5 Supercurrent in Finite Transmission SNS Junctions

Generalising from the idealised case considered above to a realistic disordered nor-
mal material can be done by introducing a scattering matrix [41] - although perfect
Andreev reflection at the NS interfaces is assumed. For a junction with length L
shorter than the coherence length ξN, the ABS energy depends on transmission coef-
ficient τ in addition to the phase difference between two superconducting reservoirs
[42].

E±ABS = ±∆
√

1− τ sin2(φ/2) (2.64)

Eq. 2.64 reduces to Eq. 2.61 for τ = 1 i.e. perfect transmission. In case of a semi-
conductor, transmission can be tuned via electrostatic gating and the ABS energy is
dependent on the gate voltage. The ABS energy is plotted in Fig. 2.15 for the case
of perfect and finite transmission.

FIGURE 2.15: Energy of Andreev bound states for perfect (τ = 1)
and finite transmission (τ = 0.9). |−〉 and |+〉 represent the ground

and excited states respectively. Adapted from [36].
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We again calculate the supercurrent carried by the bound states using the rela-
tionship I = 2e

h̄
dF
dφ

I±ABS = ∓ e∆
2h̄

τ sin φ√
1− τ sin2(φ/2)

(2.65)

At T = 0 only the ground state |−〉 is occupied and carries supercurrent. At finite
temperatures, due to thermal population and depopulation, both excited and ground
states contribute to the supercurrent. The total supercurrent can be obtained by mul-
tiplying I−ABS with a factor of 1− 2 f (E), where f (E) is the Fermi-Dirac distribution.
Supercurrent at finite temperatures is given by

IABS =
e∆
2h̄

τ sin φ√
1− τ sin2(φ/2)

tanh
(

∆
2kBT

√
1− τ sin2(φ/2)

)
(2.66)

We can generalize the above equation to a multi-channel junction

I(φ) =
e∆
2h̄

N

∑
i=1

τi sin φ√
1− τi sin2(φ/2)

tanh
(

∆
2kBT

√
1− τi sin2(φ/2)

)
(2.67)

Where N is the number of channels and τi are the eigenvalues of the transmission
matrix of the system which can be calculated if scattering matrix of the system is
known. According to Eq. 2.66, supercurrent through a SNS junction depends on
the transmission coefficient of the normal region. In case of a semiconductor as the
normal region, we expect to obtain a gate tunable supercurrent. Moreover, if the
size of the disordered region is comparable to the electron phase-coherence length
lφ (true for semiconducting nanowires), universal conductance fluctuations are ob-
served [35]. The characteristic length scale over which a shift changes conductance
is the Fermi wavelength λF of the electrons. We therefore expect to observe conduc-
tance fluctuations if λF is changed. This is done by varying the gate voltage which
shifts the Fermi energy EF and alters λF. Now since the supercurrent depends on
the conductance, we also expect to observe universal fluctuations in the supercurrent
with varying gate voltage.

We define critical current Ic as the maximum supercurrent carried across an SNS
junction. Experimentally, critical current is approximated as the current at which the
system switches from superconducting to normal resistive phase [1]. Fig. 2.16 shows
experimentally measured Ic along with the differential conductance at VSD = 0
plotted as a function of gate voltage for one of the SNS devices measured. Ic and
conductance both exhibit fluctuations as a function of gate voltage and there is a
clear correlation between the two, owing to the same physical origin.
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FIGURE 2.16: Critical current and differential conductance plotted as
a function of gate voltage for a device measured as part of this thesis.

The result in Eq. 2.67 holds true for a quantum point contact (ballistic), quantum
dot (resonant-tunneling) and a disordered QPC (diffusive) as long as L < ξN, in
which case the characteristic energy scale is the order parameter ∆ [41]. The other
relevant energy is the Thouless energy ET = h̄

τdwell
, where τdwell is the dwell time

in the junction [41]. In short junctions ∆ > ET, while ∆ < ET for long junctions.
Therefore, in the long junction regime, Thouless energy becomes the characteristic
energy scale.

2.3.6 Multiple Andreev Reflections (MAR) at Finite Bias

At finite bias, the phase difference between the superconducting leads evolves with
time [1]

VSD =
h̄
2e

dφ

dt
(2.68)

As a result, the phase-dependent supercurrent will oscillate and average to zero.
However, at finite bias quasi-particles in the superconducting leads contribute to the
DC transport. A quasi-particle at the edge of filled band of the superconductor can
be injected into the normal region as an electron or hole and we remove the normal
region for convenience as shown in Fig. 2.17. We level the chemical potential on
both sides and take the bias into account by raising the energy of the particle by
eVSD. For eVSD < 2∆, an incident electron at the right interface Andreev reflects as
a hole and its energy eVSD is mirrored around the chemical potential. The particle
reflects back and forth between the two interfaces and picks up an energy of eVSD

every time it traverses the junction. When the total energy gain is greater than 2∆,
it escapes to the empty quasi-particle band, producing a conductance enhancement.
Each reflection either adds or removes a Cooper pair from the superconducting lead.
These are known as multiple Andreev reflections (MAR) [43].
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FIGURE 2.17: Multiple Andreev reflections (MAR) at finite bias. The
chemical potential of the two leads is levelled and the applied voltage
is taken into account by raising the energy of the particle by eVSD at
each Andreev reflection. The particle reflects back and forth between
the interfaces until it gains enough energy to escape into the empty
quasi-particle band. Each Andreev reflection either adds or removes a
Cooper pair from the superconducting lead. (a) Second order MAR.

(b) Third order MAR.

An nth order MAR requires n− 1 reflections between the two interfaces. 2nd and
3rd order MAR processes are shown in Fig. 2.17. Starting from VSD = 0, increasing
the bias allows the particle to gain an energy of 2∆ in fewer reflections whenever
eVSD passes through 2∆/n, where n is an integer. Whenever eVSD = 2∆/n, the
n− 2 reflections process disappears and the n− 1 reflections process opens up. This
corresponds to a peak in the differential conductance whenever eVSD passes through
2∆/n. The lowest order MAR mode is given by

n =
2∆

eVSD
(2.69)
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2.4 Semiconductor of Choice: InAs Nanowires

InAs nanowires are crystalline quasi-one-dimensional nanostructures with typical
typical lengths 1 - 15 µm and diameters 50 - 300 nm [44]. The crystal structure
in the material breaks down at the surface, leaving atoms with dangling bonds at
the surface [45, 46]. The dangling bonds reconstruct by forming surface bonds with
each other or with oxygen atoms if exposed to the ambient atmosphere. The surface
reconstruction is different to the bulk lattice structure and as such the energy states
associated with the surface bonds are different to the lattice bonds in the bulk. If
the energies of these ‘surface states’ lie within the band gap, they act as trapping
sites [46, 47]. For InAs, due to small band gap (0.345 meV) [35], the surface recon-
struction produces a high density of surface states above EC , and this high density of
states causes the surface Fermi level to also reside in the conduction band [48]. The
donor-like surface states induce an accumulation layer or high electron density on a
clean InAs surface [49] and a modified band structure (Fig. 2.18).

Core

Surface Surface

X

EF

ECE

Accumulation layer

FIGURE 2.18: Formation of a surface accumulation layer due to sur-
face reconstruction in InAs. The density of electrons is higher at the
surface compared to the core. The Fermi level gets pinned inside the

conduction band on a clean InAs surface.

Owing to the presence of a surface accumulation layer, low resistance ohmic con-
tacts can be achieved between metallic leads and a clean InAs nanowire surface. This
is crucial for proximitizing nanowires as probability for Andreev reflection scales
with interface transparency (see section 2.3.2). For this reason, InAs nanowires have
been proven to be easily proximitized [9]. However, exposure of nanowires to oxygen
leads to formation of a thin, amorphous oxide layer, detrimental to interface trans-
parency. Post growth processing of the nanowires is required to remove the oxides,
which can lead to unintentional potential modulations on the surface. Alternatively,
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an oxide free interface can be achieved by in situ deposition of the metal immediately
after nanowire growth [31, 32, 33].

2.4.1 Advantages of Using InAs Nanowires

High quality proximity effect in InAs has been achieved with a variety of super-
conducting materials by in situ deposition of the metal [31, 32, 33], making them
a prime candidate for applications in semiconductor/superconductor hybrids. More-
over, InAs nanowires are known to possess key ingredients [12] to realize topologi-
cal superconductivity i.e. a 1D conductance channel [50], a large g-factor [51] and
strong spin-orbit interaction (SOI) [52, 53]. SOI is a relativistic interaction experi-
enced by an electron’s spin moving in an electric field. In the rest frame of electron,
the electric field transforms into an effective magnetic field, causing electron’s spin
to precess. In InAs an electric field pointing radially outward from the nanowire axis
to the surface is generated due to a potential built up between the surface and the
core ( see Fig. 2.18). Therefore, the electrons moving in the core experience a spin-
orbit effect. Gate tunability of carrier concentration in InAs allows one to control the
strength of the spin-orbit interaction via external fields, providing access to nanowire
based spintronics devices [54].
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Device Fabrication and Methods

3.1 Device Fabrication

Device fabrication proceeded by transferring individual nanowires to a highly doped
Si/SiO2 substrate with pre-defined Ti/Au bond pads. The highly doped Si acts as a
global backgate. Contacts between the nanowires and the bond pads were defined
using electron beam lithography, with MoRe deposited using magnetron sputtering.
Ti/Au for the ‘normal’ contacts in NS devices was deposited using e-beam evapo-
ration in a separate electron beam lithography step. Prior to both depositions, Ar+

ion milling was performed to remove native InAs oxides and facilitate ohmic con-
tact formation. Here we describe the main steps involving device fabrication and a
complete fabrication recipe can be found in Appendix A.

3.1.1 Electron Beam Lithography (EBL)

Electron beam lithography (EBL) uses a highly focused electron beam to create pat-
terns with nanometer precision. Lithography proceeds with depositing a liquid drop
of resist (Fig. 3.1 a) on the substrate. EBL in this thesis was done using a polymeric
material called methyl methacrylate (PMMA). The substrate is spun in a centrifuge
to form a uniform film of thickness ≈ 500 nm (Fig. 3.1 b). In EBL system, a pre-
defined pattern is exposed with a stage driven electron beam with a beam shutter
(Fig. 3.1 c). The high energy electron beam breaks the polymer chains and increases
the solubility in the exposed regions. Primary electrons from the electron beam pen-
etrate well into the resist and the backscattered and secondary electrons fire back
into the underside of the resist [55]. This results in exposure of resist near the areas
scanned by the electron beam (Fig. 3.1 c). The exposure pattern is designed in a 2D
CAD software and corrected for overexposure from the backscattered electrons using
a specialised software. Despite this correction, an undercut profile remains close to
the borders of the exposed regions. The exposed pattern is developed in a 1:3 mix
of methyl-isobutylketone (MIBK) and isopropanol (IPA) (Fig. 3.1d). The sample
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is ready for metal deposition after rinsing in IPA and MQ water and drying with a
nitrogen flow.

a) b)

c)

Substrate

Resist

Electron-Beam

d)

FIGURE 3.1: Electron beam lithography (EBL). (a) Resist is de-
posited on the substrate. (b) Excess resist is spun away in a centrifuge,
leaving a uniform film. (c) A pre-defined pattern is exposed with a
stage driven electron beam. Secondary and backscattered electrons
expose the underside of the resist. (d) Exposed regions are developed
and the unexposed regions act as a protective layer during metal de-

position.

3.1.2 Metal Deposition

MoRe was deposited using Ar-based DC magnetron sputtering with pressure 4 mTorr,
voltage 408 V, power/current 150 W/377 mA and a rate of ≈ 11 nm/min. Ti/Au for
the ‘normal’ contacts in NS devices was deposited using e-beam evaporation. The
approximate final thickness for the MoRe film was 250 nm and 5/250 nm for Ti/Au.

E-beam Evaporation. is a metal deposition technique in which the source material
to be coated is bombarded with an electron beam from a charged tungsten filament
under high vacuum. The kinetic energy of the electron beam causes the source atoms
to evaporate and convert into a gaseous phase. The evaporated material precipitates
on the substrate placed above the source and forms a thin layer.

Magnetron Sputtering. MoRe deposition via e-beam evaporation requires coevap-
oration of molybdenum and rhenium, since the two materials have different evapo-
ration temperatures [19]. We therefore use sputtering for MoRe deposition, which
maintains stoichiometry. In metal sputtering, the coating material is placed inside
a magnetron or target (Fig. 3.2). The process starts with evacuating the deposition
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chamber and backfilling it with Argon gas. A negative electric potential is applied to
the magnetron (cathode) and the chamber acts as the ground reference (anode). The
electric potential causes the free electrons to accelerate away from the magnetron.
The free electrons collide with the Argon atoms and strip the atoms of an electron.
This creates positively charged ions, which accelerate towards the magnetron. The
ions carry enough energy to knock off some of the target material atoms. The tar-
get material is collected on the surfaces/substrate in the path of the magnetron. The
positively charged ions recombine with the free electrons into a lower energy state
and create a neutral atom. The excess energy is seen as light or plasma inside the
chamber.

Biased sputtering
target

Substrate

Sputtering gas

FIGURE 3.2: Thin film deposition by sputtering. Sputtering involves
introducing an inert gas into the deposition chamber and ionizing it by
applying a negative bias to the sputtering target. The Ar+ ions strike
the target material from all sorts of directions and dislodge the target

material atoms in the opposing direction.

E-beam Evaporation vs Magnetron Sputtering. In e-beam evaporation, the evap-
orated atoms from the source follow a conical trajectory and therefore the coating
profile on the substrate is directional. The undercut profile of the resist leads to dis-
continuities of the metal layer at the edges of the pattern (Fig. 4.4 b), thus facilitating
the lift-off and producing clean edges of the metal pattern (Fig. 4.4 c). In contrast,
sputtering leads to conformal coating because the deposition is done at higher pres-
sure compared to e-beam. MoRe atoms are deflected by Ar atoms and when this
occurs close to the substrate, the deposited atoms coat sidewalls. This means the
metal film is continuous at the pattern edges (Fig. 4.4 e) and the lift-off causes the
deposited material to break at the weakest point, usually at the top of the resist. The
lift-off produces longer edges on the metal pattern (Fig. 4.4 f). (Fig. 4.4 g) shows an
SEM image of an NS device. The sputtered MoRe contact has longer edges com-
pared to the evaporated Ti/Au contact due to different coating profiles.
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d) e) f)

a) b) c)

g)

FIGURE 3.3: (a)-(c) Metal deposition by e-beam evaporation. The
undercut profile of the resist leads to discontinuous metal layer at the
pattern edges and results in clean edges after lift-off. (d)-(f) Metal de-
position by sputtering. The conformal profile of the sputtered atoms
leads to a continuous metal layer at the pattern edges, producing elon-
gated edges after lift-off. (g) SEM image of an NS device. Scale bar
represents 1 µm. The sputtered MoRe contact has non-uniform edges

compared to the evaporated contact.

3.2 Sample Installation Inside the Cryostat

Electrical and thermal contact to the sample requires several intermediate steps.
Firstly, the chip hosting the devices is mounted on a daughterboard. The bond pads
on the chip and the contacts on the daughterboard are connected by a thin Al wire
using a wire bonder (Fig. 3.4 a). The daughterboard is mounted on a motherboard
with an interposer separating the two boards (Fig. 3.4 b). The daughterboard and the
motherboard are connected by fuzz buttons on the interposer. The motherboard is
suspended inside a a gold plated copper puck using metal rods (Fig. 3.5). The puck
is eventually placed inside the cryostat. The intermediate connections between the
puck and the sample ensure the thermal contact between the sample and the cryostat.
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a) b)

FIGURE 3.4: (a) Chip bonding arrangement on the daughterboard.
(b) Wiring arrangement of the sample. The red lines indicate the elec-

trical passage from the nano-D connectors to the sample.

The puck has two sets of nano D-sub connectors supporting 48 DC lines each.
The connectors are connected to the motherboard. One set of connectors are grounded
while loading the sample to reduce the risk of electrostatic discharge destroying the
filamentary nanostructures. The other set provides an electrical passage between the
motherboard and a breakout box outside the cryostat. The measurement lines be-
tween the breakout box and the connectors are thermalized on the way up to the
cryostat to avoid heating of the cryostat and to make sure the electrons reaching the
sample are thermalised with the temperature of the cryostat.

FIGURE 3.5: Photogarph of a puck. The puck sits inside a gold
plated copper casing, which is in thermal contact with the cryostat.
Nano D-sub connectors connect the sample to the measurement lines.
SMP connectors are used for high-frequency measurements and not

relevant for our measurements. Figure adapted from [56].
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3.3 Cooling the Sample

Most of the quantum mechanical effects discussed so far assume absolute zero tem-
peratures T = 0 K. Higher temperatures broaden the quantum mechanical effects.
Therefore, investigation of quantum phenomena requires low enough temperatures
such that the thermal broadening kBT is much lower than the energy scale one wishes
to measure. For this reason, all the measurements are carried in a cryofree 3He-4He
dilution refrigerator with a base temperature of 20 mK.

The phase diagram of a 3He-4He mixture is shown in Fig. 3.6. 4He liquid is
a bose gas and turns superfluid below 2.17 K and 3He liquid on the other hand
is a Fermi gas and does not undergo a phase transition [57]. Diluting a 4He liq-
uid with 3He liquid depresses the superfluid phase transition temperature. Below
T = 0.867 K, the 3He-4He mixture can only exist for certain 3He concentrations.
This is represented by the phase-separation line, below which the mixture separates
into two phases, a low density 3He-rich phase floating on top of a 4He-rich phase. At
temperatures close to absolute zero T = 0 K, the 3He-rich liquid becomes pure 3He.

T
 (

K
)

3
He Concentration, x

FIGURE 3.6: Phase diagram of a liquid 3He-4He mixture. The mix-
ture separates into a 3He-rich and a 4He-rich phase below the separa-
tion line. The λ line represents the phase boundary between the su-
perfluid and the normal 3He-4He mixture. Figure adapted from [57].

However, the 4He-rich phase retains a finite solubility of 6.6 %. This finite sol-
ubility originates from the Fermionic nature of 3He atoms [57]. At absolute zero
temperature, the binding energy of a single 3He atom is greater in a pure 4He liq-
uid than in a pure 3He liquid due to the Pauli’s exclusion principle. If we continue
increasing the 3He concentration, the binding energy of a 3He atom in diluted 4He
liquid eventually reaches the binding energy of a 3He atom in pure 3He liquid at the
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limiting concentration of 6.6 %. This finite solubility is the key to 3He-4He dilution
refrigeration.

The enthalpy of 3He is larger in the 4He-rich phase compared to the 3He-rich
phase [57]. Therefore, transferring 3He from the 3He-rich phase to the 4He-rich
phase always results in cooling due to the enthalpy difference of the two phases. A
circuit schematic of a working dilution refrigerator is shown in Fig. 3.7. In the first
step, a 3He-4He gaseous mixture is first cooled down to 4 K using a pulse tube cooler.
In a second step, the mixture is condensed by passing it through a flow impedance.
The liquid mixture then flows through a series of heat exchangers and eventually
reaches a mixing chamber with a temperature of .01 K. The liquid in the mixing
chamber consists of the 4He-rich and the 3He-rich phases. The 4He-rich phase in the
mixing chamber is connected to a still with a 3He-4He mixture at 0.7 K. Pumping on
3He in the still creates an osmotic pressure between the still and the mixing chamber
due to different temperature and concentration [57]. As a result, 3He is removed from
the 4He-rich phase and added to the still. In the mixing chamber, 3He moves from
the 3He-rich phase to the 4He-rich phase due to the finite solubility and results in
cooling the mixing chamber. The pumped 3He is circulated back towards the mixing
chamber, thus completeing the circuit. The puck and dc measurement lines are in
thermal contact with the mixing chamber, thus cooling the sample.

FIGURE 3.7: Schematic of a 3He-4He dilution unit. The unit is placed
in a Vacuum for thermal isolation from the environment. Pumping on
the still constantly removes 3He from the 4He-rich phase, transferring
3He from the 3He-rich phase and resulting in cooling of the mixing

chamber. Figure adapted from [58].
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3.4 Measurement Setup

Two types of measurements are performed on the devices. The first is a 4-probe
voltage bias measurement with an AC excitation of 5 µV . Here, one of the leads is
biased with a DC voltage VSD superimposed with a small AC signal of 5 µV and
current is measured through the opposing, grounded lead. Meanwhile, the voltage
drop across the device is measured using two adjacent leads, and therefore eliminat-
ing the necessity to subtract the voltage drop in the measurement lines. In case of NS
devices, the normal lead is voltage biased and acts as a tunnel probe. The measured
differential conductance dI/dV is proportional to the local density of states in the
tunneling regime [35].

The second is a 4-probe current bias measurement used to measure the supercur-
rent across an SNS junction. In this measurement, one of the leads is connected to
a constant current bias ISD with a small AC excitation of 200 pA. The voltage drop
across the device is measured while sweeping the bias current. Differential resistance
from these measurements is used to quantify the supercurrent.

Voltage-Bias Setup. A circuit schematic for the voltage bias measurements is shown
in Fig. 3.8 a). After connecting to the break-out box via measurement lines, the
sample is cooled down to the base temperature of 20 mK. Each measurement line is
connected to the sample via a set of RC/RF filters to reduce the high frequency noise.
The sample is excited at a low frequency (∼ 200 Hz) AC signal, formed by super-
imposing a small amplitude AC signal on a DC signal from a digital-to-analogue
converter (DAC). The AC signal is provided by a lock-in with an amplitude of 0.5 V.
The AC and DC signals pass through voltage dividers with a division factor of 1:105

and 1:103 respectively. This gives an AC excitation of 5 µV and a DC bias range
in milivolts. The current passing through the device is routed towards lock-in 2 via
a low noise current to voltage converter with a gain of 107. The lock-in multiplies
the incoming signal by the lock-in reference, which is frequency locked to lock-in 1.
The resulting signal is passed through a low pass filter, removing all AC frequen-
cies except the desired signal with the AC excitation [59]. The AC and DC voltage
drop across the device is amplified by a voltage amplifier with a gain of x100 and
measured by lock-in 3 and a digital multimeter (DMM) respectively. The differential
conductance dI/dV is found by dividing the measured AC current by the measured
AC voltage.
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FIGURE 3.8: (a) Schematic of a voltage bias 4-terminal circuit, used
for bias spectroscopy of the NS and SNS devices. AC excitation is
provided by lock-in 1 , superimposed on a DC voltage provided by
the DAC. The amplified voltage drop across the device and the ampli-
fied current through the device is measured by lock-in 3 and lock-in
2 respectively. The BNC cables going into the voltage amplifier are
wrapped around each other to cancel out the stray magnetic fields.
(b) Schematic of a current bias 4-terminal circuit, used for measuring

the maximum supercurrent supported by the SNS devices.

A Keithley voltage source provides backgate voltage VBG and the integrated am-
meter can be used to measure any current leakage to ground. Ideally this value is
zero, however damage to the gate oxide during processing, or application of large
voltages greater than the oxide breakdown voltage, can cause a finite current to flow.
If a non-zero value is measured, it is often possible to counter any undesirable effects
by floating the contacts responsible for the leakage current.
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Current-Bias Setup. The setup for the current bias measurements (Fig. 3.8 b) is
similar to the voltage-bias measurements, except the DC bias voltage is replaced with
a constant DC current source and the AC excitation is replaced by a low frequency
(∼ 200 Hz) small AC current. The DC current is provided by the DAC connected
to a large resistance of 200 MΩ in series. A maximum DC current of 50 nA can be
provided by the current source. An AC excitation of 200 pA is superimposed on the
DC current. The differntial resistance dV/dI is found by dividing the measured AC
voltage by the measured AC current.
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Chapter 4

Results: InAs/MoRe Hybrid Devices

This chapter presents experimental results involving characterization of bulk MoRe
film as well as InAs/MoRe hybrid devices. We consider the proximity effect in
InAs under controllable parameters such as gate voltage, temperature and magnetic
field. Device geometries studied in this thesis include normal-superconductor (NS)
and superconductor-normal-superconductor (SNS). These are formed by confining
a segment of InAs nanowire between two metallic leads, where either one or both
leads are superconducting. The superconducting contacts are made of sputtered
MoRe films and the normal contacts consist of evaporated Ti/Au films. Quantum
dot(s) form naturally in the exposed nanowire region due to tunnel barriers formed
at the metal/nanowire interfaces and due to uncontrolled potential landscape on the
nanowire (see section 2.4).

4.1 Characterization of Bulk MoRe Film

MoRe is a type II, weak coupling, BCS superconductor [19]. Literature value of
the transition temperature Tc for MoRe varies depending on the composition of the
alloy i.e. atomic percent rhenium (Mo-%Re) [19]. For compositions ranging from
Mo-20%Re to Mo-40%Re, a Tc between 8.5 K to 12 K has been reported [19]. We
used a sputter target with composition Mo-50%Re. MoRe film of dimensions com-
parable to the electrodes used in NS and SNS devices was deposited to find Tc and
critical field Bc of the bulk material. Resistance of the sample was measured as a
function of temperature T and perpendicular magnetic field B⊥ by a 4-probe mea-
surement technique. The results are shown in Fig. 4.1. A sharp drop from finite to
zero resistance is observed at T = 9.92 K, corresponding to the critical temperature
Tc of the sample. The magnetic field does not induce a phase transition within the
maximum accessible range of 6T on our vector magnet, indicating a Bc exceeding 6T
i.e. Bc > 6T. Using the BCS ratio 2∆(0)

kBTc
= 3.52, the critical temperature Tc translates

into a superconducting gap of ∆ = 1.5 meV for the bulk sample.
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FIGURE 4.1: (a) Temperature dependence of the bulk MoRe film re-
sistance. The phase transition occurs at T= 9.92 K. (b) Magnetic field
dependence of the bulk film resistance. No phase transition is ob-

served within the accessible field range on the vector magnet.

4.2 Electron Transport in N-QD-S Hybrid Devices

In this section we present the tunnel spectroscopy measurements performed on the
N-QD-S devices with ‘N’ being a Ti/Au metal probe, and ‘S’ being a segment of
InAs nanowire proximitized by a sputtered MoRe electrode. This device geometry
is achieved by confining a segment of nanowire between a superconducting MoRe
and a normal Ti/Au electrode. We characterize the induced gap by probing the local
density of states in the proximitized region. The naturally formed quantum dot in the
confined region acts as a tunnel barrier in the Coulomb blockade region, facilitating
the measurement of the induced superconducting gap via tunneling spectroscopy (see
section 2.3.3).
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FIGURE 4.2: False colour scanning electron micrograph of an NS
MoRe/InAs device, and circuit diagram showing applied VSD and
VBG, and measured V4pt = V+ − V− and current I. Scale bar rep-

resents 1 µm
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An SEM image of the device is shown in Fig. 4.2. The separation between the
contacts L is≈ 120 nm. Typical mean free path λ for InAs nanowires ranges between
50 to 300 nm [36, 60, 61] and depends on the dimensions [62]. The mean free path
needs to be greater than the junction length in order to observe ballistic transport. No
signs of ballistic transport were observed in any of the measured devices indicating
λ < L. The device is fabricated on a degenerately doped silicon substrate with a
200 nm thick oxide layer on top. When biased, the substrate acts as a capacitively
coupled backgate. Backgate voltage VBG shifts the chemical potential of the semi-
conducting nanowire, thereby used to control the carrier concentration (see section
2.2.1).

An electrical measurement schematic is shown in Fig. 4.2, corresponding to
a 4-probe voltage biased measurement with an AC excitation of 5µV. The mea-
sured differential conductance dI/dV is proportional to the local density of states in
the tunneling regime [35]. A circuit diagram of the setup is shown in Fig. 3.8 a).
All measurements were carried in a dilution refrigerator with a base temperature of
20 mK. Four NS devices were measured, with one considered in detail.
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FIGURE 4.3: Line traces showing the gating of the device (NS) at zero
bias and above the superconducting gap. Coulomb blockade peaks

occur at low VBG < 5 V (section 2.2.2).

Fig. 4.3 shows the measured 4pt differential conductance of the device as a func-
tion of backgate voltage VBG with a Coulomb blockade region at low VBG, therefore
facilitating the measurement of local density of states (LDOS). Moreover, the device
exhibits universal conductance fluctuations as a function of VBG > 5 V, indicative of
the diffusive nature of the junction [35].

4.2.1 Tunnel Spectroscopy of the Induced Gap

Source-drain bias spectroscopy was performed, which consists of measuring dI/dV
as a function of VBG and VSD. In the tunneling regime, the spectra corresponds to
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the LDOS [35]. Fig. 4.4 c) shows the tunneling spectroscopy of the device. Regions
of suppressed conductance around VSD = 0 are due to induced superconductivity in
InAs by MoRe. A high subgap bound state density indicates that the induced gap is
‘soft’ [63, 64]. The gap softness is attributed to the semiconductor exposure to oxy-
gen prior to superconductor deposition. Exposure to oxygen leads to an amorphous
layer of indium and arsenic oxides and this amorphous layer generates a continuum
of electronic states at the surface/interface [65, 66]. The presence of these states be-
tween the superconductor and nanowire mean that there are states with E < ∆. The
resonant tunneling through these impurity states manifests as a ‘soft gap’, where con-
ductance is allowed for VSD < ∆/e. An oxide-free interface and hard gap induced
superconductivity can be obtained by depositing the superconductor immediately af-
ter the nanowire growth, without breaking ultra high vacuum, and thereby obviating
exposure of the InAs to oxygen [31, 32, 33].

In Fig. 4.4 b), we focus on a region in VBG with well defined subgap resonances
(SGRs), arising from the hybridization between the dot and the superconducting lead
states [8, 7]. The resonances forming the loop structure occupy the odd Coulomb
diamond with even Coulomb valleys on the left and right. A detailed explanation
of the SGRs is provided in the next section 4.2.2. The quantum dot acts as a tunnel
barrier in the Coulomb valleys and we use this fact to characterize the induced gap.
Notice the finite bias conductance is lower on the negative bias side, indicating a
weaker tunneling coupling to the drain compared to the source.

Fig. 4.4 d) shows the vertical line cuts taken at the indicated VBG within the
even and odd Coulomb diamonds in Fig. 4.4 b). The induced gap does not exhibit
the characteristic BCS-like coherence peaks at the gap edges due to presence of a
large density of bound states with E < ∆. The peaks observed in the line cuts are
associated with the subgap bound states and assuming the bound states terminate at
the gap edges, we estimate an induced gap of at least 0.90 meV. The induced gap is
smaller compared to the literature value for bulk MoRe (∆MoRe = 1.5-1.7 meV) [19]
and a value of ∆ = 1.50 meV calculated for the bulk sample in section 4.1. We
attribute this discrepancy to the diffusive nature of the junction. In such a case, the
LDOS in the proximitized region depends on the distance from the NS interface and
a reduced gap is observed due to phase decoherence (see section 2.3) of the Andreev
reflected electrons and holes in the normal region [67, 68]. Using the BCS ratio
Tc = ∆MoRe/1.764kB, the induced gap translates into a Tc ≈ 6.0 K. Comparing the
zero bias (VSD = 0) conductance with the out-of-gap conductance (VSD > ∆/e),
we find a suppression of the zero bias conductance by a factor of roughly between
35 and 45. This is higher compared to some of the previously reported experiments
on InAs nanowires proximitized by evaporated aluminum films. [32, 69].



4.2. Electron Transport in N-QD-S Hybrid Devices 55

V
BG

A

V
-

VSD

V
+

MoRe InAsTi/Au

FIGURE 4.4: (a) False colour scanning electron micrograph of an
NS MoRe/InAs device, and circuit diagram showing applied VSD and
VBG, and measured V4pt = V+ − V− and current I. Scale bar repre-
sents 1 µm. (b) Bias spectroscopy (dI/dV vs VSD and VBG) in the
tunneling regime, showing a Yu-Shiba-Rusinov bound state [7, 8]. (c)
Bias spectroscopy over larger VBG range, showing a high density of
bound states. The possible value of ∆ is indicated by the dashed lines;
the box indicates the region in (b). (d) dI/dV line traces at the gate
voltages indicated by the coloured lines in (b), showing multiple peaks
due to the bound states and suppressed conductance around VSD = 0.

4.2.2 Yu–Shiba–Rusinov (YSR) Bound States

Here we consider the subgap structure (Fig. 4.5 c) observed in the tunnel spec-
troscopy of the N-QD-S device. We assume the normal contact is weakly coupled
to the dot and acts merely as a tunnel probe. The hybridization between the quan-
tum dot states and superconducting lead states results in formation of bound states
within the superconducting gap [70, 71, 8, 7], which can be detected via tunneling
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spectroscopy. Yu, Shiba and Rusinov considered effect of a single magnetic impurity
atom on a superconducting reservoir and showed that the magnetic impurity acts as
an attractive potential for a quasi-particle in the superconductor with spin opposite
to the polarisation of the impurity [72, 73, 74]. The exchange coupling between the
impurity spin and the quasi-particle spin leads to a subgap bound state known as the
‘YSR’ state, the binding energy for which depends on the strength of the exchange
coupling.

In case of an N-QD-S device, the dot acts as the impurity atom coupled to the
superconducting electrode. We consider a single impurity spin with energy ε cou-
pled to a superconducting lead (Fig. 4.5 b). The ground state of the QD-S system
depends on an interplay between the Coulomb interactions and the coupling to the
superconductor [71]. When Coulomb blockade is the dominant effect, the ground
state of the QD-S system is a magnetic doublet, while, for strong coupling to the su-
perconductor, the ground state is a singlet. More specifically, if the broadening of the
quantum dot level Γs is much smaller than the superconducting gap ∆ i.e. ΓS � ∆,
the ground state of the QD-S system is a tensor product of the BCS state (singlet) and
the impurity spin (doublet) [70]. The overall many-body ground state is spin dou-
blet. In contrast, if the coupling is strong such that ΓS > ∆, the quasi-particles in the
superconducting lead screen the impurity spin and produce an overall singlet ground
state [71, 70]. Therefore, by adjusting the coupling strength, a phase transition from
a doublet to a singlet ground state can be achieved [71, 8]. The precise boundary for
the phase transition is given by the ratio TK/∆ ≈ 0.3 [70, 71]. Here, TK is the Kondo
temperature which scales with the coupling strength [75].

A high charging energy and weaker coupling i.e. U > ∆ and U � ΓS enforces a
one-by-one filling of the dot due to the Coulomb blockade. This is observed for our
device as shown in Fig. 4.5 a), where charging energy U ∼ 2 meV is greater than
∆ ∼ 1 meV and an even-odd filling of the dot is favored. Therefore, a ground state
phase transition of the QD-S system can be induced by simply changing the level
position by sweeping the gate voltage VBG. For weak coupling, where the ground
state is either a magnetic doublet or a singlet, the YSR state is an excited singlet or
doublet with energy ξ, formed by a single quasi-particle in the lead bound to the dot
spin (Fig. 4.5 b) [76, 7].
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FIGURE 4.5: Yu-Shiba-Rushinov (YSR) bound states in a QD-S sys-
tem. (a) Differential conductance at finite out-of-plane magnetic field,
exhibiting the characteristic Coulomb blockade diamonds associated
with even-odd-even filling of the quantum dot. (b) An impurity spin
hybridised with the excitations of a superconducting lead with cou-
pling strength Γ. The YSR state arises from the exchange coupling
between the impurity spin and a quasi-particle with opposite spin in
the superconductor. (c) Tunneling spectroscopy of the QD-S system,
revealing an induced gap as well as subgap excitations in the density
of states. The ground state of the QD-S system is a singlet |S〉 in
the even Coulomb diamonds and a doublet |D〉 in the odd diamond.
The excited state is a doublet in the even diamonds and a singlet in
the odd diamond. (d) A transport cycle depicting the tunneling spec-
troscopy of the QD-S system. The bound state in the QD-S system
provides an Andreev channel for an electron in the normal metal to
tunnel across the dot and Andreev reflect at the QD-S interface, trans-
ferring a Cooper pair to the S lead and reflecting a hole to the normal
metal lead. A peak in the differntial conductance is observed when-
ever the chemical potential of the N lead is aligned with the energy ξ

of an Andreev level. Figure reconstructed from [8].

The excitation energy ξ scales with the level position ε or VBG as shown in the
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tunnel spectroscopy of the device in Fig. 4.5 c). For VBG well away from charge
degeneracy points in an even diamond, the doublet excited state energy ξ is just
below ∆. Increasing VBG leads to a decrease in ξ until it reaches the Fermi level
ξ = 0 at the singlet-doublet degeneracy point. Here, the singlet and doublet states
switch roles as ground state and the excited state and the energy of of the excited state
switches sign. Inside the odd diamond, the singlet excited state energy changes again
with the level position or VBG, forming a loop shape followed by another ground state
transition from doublet to singlet.

In practice, transitions between the ground state and the excited state are probed
by gate-dependent tunneling spectroscopy [71, 8] as shown in Fig. 4.5 c). For
VSD < ∆/e, the YSR states provide Andreev channels at energy ξ for single elec-
trons to tunnel from the normal lead to the superconducting lead. A transport schematic
is depicted in Fig. 4.5 d). When the Fermi level of the tunnel probe is aligned with
the Andreev level at energy ξ, an electron can tunnel to the dot and induces a transi-
tion from the GS, |S〉 or |D〉, to the first excited state,|D〉 or |S〉 respectively. The
quantum dot relaxes back to the GS through an Andreev reflection process by trans-
ferring a Cooper pair to the superconducting lead and a second electron enters the
dot from the normal lead. The latter process is equivalent to retroreflection of a hole
into the Fermi sea of the normal lead. The transport cycle described yields a peak
in dI/dV at energy ξ. A reverse cycle yields a symmetric peak below the Fermi
level at an energy ξ = −eVSD. Similar to a normal quantum dot, the YSR level can
be tuned by a capacitively-coupled gate voltage, which produces the characteristic
VBG,VSD dependence in Fig. 4.5 c). The two points in gate voltage where the sym-
metric Andreev levels cross at VSD = 0 represent the degeneracy points between the
singlet and doublet states. The level crossing at VSD = 0 can be avoided by increas-
ing the coupling Γ to the superconductor in which case the ground state is a singlet
throughout the entire gate range and no singlet to doublet transition is observed [71].

Magnetic Field Splitting of the Excited States. The above described transport
cycle involves transitions between states with different number of electrons or parity.
In case of a singlet GS, the excited doublet state is spin degenerate. Applying a
magnetic field lifts this degeneracy due to Zeeman effect as shown in Fig. 4.6 a).
Since both the spin 1/2 states have odd parity, a transition from the singlet GS with
even parity to both spin 1/2 states is allowed. On the other hand, when the GS is a
doublet, under a magnetic field the transition from the lower energy | ↑〉 to | ↓〉 is not
allowed since both states have odd parity (Fig. 4.6 b). Only a transition between the
lower energy | ↑〉 and the excited |S〉 state is allowed, the energy for which increases
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with B as shown in Fig. 4.6 b). This is consistent with the our experimental data in
Fig. 4.6 c).
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FIGURE 4.6: Magnetic field splitting of the excited states. (a) and (b)
adapted from [36]. (a) A transition from the singlet ground state to
both Zeeman-split excited states is allowed. (b) The doublet ground
state splits in magnetic field, however, a transition from only the lower
spin state to the singlet excited state is allowed. (c) Doubling of the
subgap resonances in the even Coulomb diamond due to Zeeman split-
ting of the doublet excited state. The splitting stops at the charge
degeneracy point, where the singlet and doublet switch roles as the

ground and the excited state.

When the system is in the singlet GS, the number of subgap resonances doubles
due to splitting of the Andreev level. The splitting stops at the singlet-doublet tran-
sition point (denoted by white arrows), where the system switches to the doublet GS
and number of subgap resonances remains unchanged. The apparent splitting of the
subgap resonance in the middle of the loop structure is due to splitting of the other
subgap states and the resonance due to | ↑〉 → |S〉 transition remains unchanged.
To summarise, magnetic field splits the Andreev levels inside an even diamond in
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our N-Dot-S device, consistent with the theory and previous experiments [8, 71]. We
now turn to studying the evolution of ∆ in a magnetic field.

4.2.3 Magnetic Field Dependence of the Induced Gap

The decrease in the bound states energies towards zero with increasing magnetic
field is defined by an effective g-factor g∗, different than the g-factor of the coher-
ence peaks of the proximitizing superconductor [77]. In Fig. 4.7 a) and c), we plot
the evolution of dI/dV vs VSD under out-of-plane and in-plane magnetic field with
fixed VBG corresponding to the red and orange line cuts in Fig. 4.4 b) respectively.
Considering the perpendicular field first (Fig. 4.7 a,b), increasing the field shows
the bound states splitting and converging around VSD = 0 at B ≈350 mT. A high
bound states density makes it difficult to reliably assign one of these bound states as
corresponding to ∆. Therefore, it is not clear if this is the gap closing. Additionally,
a region of close to zero conductance re-emerges at ≈900 mT, which could be due
to either the bound states moving away from VSD = 0, or due to the emergence of
cotunneling transport (section 2.2.2.4).
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FIGURE 4.7: (a)-(b) Evolution of dI/dV vs VSD under out-of-plane
magnetic field at a fixed VBG = 2.25 V. The line cuts in (b) are offset
vertically for clarity. (c)-(d) dI/dV vs VSD under in-plane magnetic
field at a fixed VBG = 1.8 V. Line cuts are offset vertically for clarity.
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Fig. 4.7 c) and d) show the in-plane field dependence of the induced gap. Fields
above 1 T in the in-plane direction are not accessible due to an upper limit of 1 T
on our vector magnet. We notice the in-plane field acts weakly in comparison to
out-of-plane field in suppressing superconductivity.
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known source remain, as discussed in the text. The white dotted lines
mark the onset of inelastic cotunneling, which shifts up in energy due

to the magnetic field splitting of the excited state.

We also performed bias spectroscopy at finite fields (shown in Fig. 4.8), where
the bound states can be observed converging towards VSD = 0. Roughly horizontal
lines (i.e. at fixed VSD) remain at finite fields, however it is difficult to conclusively
assign a source given the high bound state density at even B = 0. One possible source
could be the onset of elastic cotunneling, which is the dominant transport process
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near zero bias. However, since we cannot reliably assign one of these bound states as
corresponding to ∆, it is impossible to specify a B at which ∆ vanishes. In summary,
from the data we cannot conclusively find the value of Bc for this device. The logical
next step would be to fabricate further devices, and use an appropriate device with a
lower bound state density, or add additional gates [13] to tune the bound state density
in the hybrid wire.

4.2.4 Temperature Dependence of the Induced Gap

Fig. 4.9 a) shows the behaviour of dI/dV vs VSD for increasing T, with fixed
VBG = 2.26 V (red line cut in Fig. 4.4 b). The out-of-gap conductance at posi-
tive bias GN = dI/dV (VSD > 1.3 mV) remains relatively constant with dI/dV ∼
0.21× 2e2/h, while zero bias conductance GS = dI/dV(VSD = 0) increases with
temperature. This behaviour is consistent with the superconducting gap softening
and closing with increased temperature [32] and is clearly seen in the select line
traces of dI/dV vs VSD at fixed T shown in Fig. 4.9 b).
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For T > 4.5 K, the measurement is obscured by high amplitude measurement
noise for |VSD| > 0.5 mV (Fig. 4.9 c), making it difficult to accurately assign TC

based solely on the raw data. To find TC, we plot GS and 〈GN〉T (where 〈GN〉T is
GN averaged over 1.3 mV < VSD < 1.5 mV at each T) as well as the average value of
GN for all T, showing GN varies little with temperature. By contrast, GS increases
monotonically with T and is approximately equal to GN at T = 10 K, consistent with
the value of 9.92 K measured for the MoRe film in Fig. 4.1 a). However, the observed
Tc is not consistent with the theoretical value of 6.0 K calculated from the induced
gap. This could mean that either the ∆ extracted from the bias spectroscopy is a bad
estimate or in addition to the induced superconductivity, we are probing some of the
bulk superconductivity through the nanowire.
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4.3 Electron Transport in S-QD-S Hybrid Devices

In this section we present the transport properties in SNS junctions formed by confin-
ing a segment of InAs nanowire between two superconducting sputtered MoRe leads.
A SEM image of a typical device is shown in Fig. 4.10. The junction length for this
particular device is roughly 200 nm. The device is fabricated on a degenerately doped
silicon substrate with a 500 nm thick oxide layer on top. Backgate voltage VBG is
used to alter the barrier height at the interfaces as well as potential modulations on
the nanowire, therefore providing access to different coupling regimes between the
naturally formed quantum dot(s) and the leads.

FIGURE 4.10: False colour scanning electron micrograph of a SNS
MoRe/InAs device, and circuit diagram showing applied VSD/ISD
and VBG, and measured V4pt = V+ − V− and current I. Scale bar

represents 1 µm.

An electrical measurement schematic is shown in Fig. 4.10 a. Two types of mea-
surements can be performed on these devices. The first is a 4-probe voltage biased
measurement with an AC excitation of 5 µV. The measured differential conductance
is used to understand the transport properties of the proximitized nanowire and the
associated physical phenomena. A total of 8 devices were measured and all of them
show superconducting features and a zero bias supercurrent branch at higher back-
gate voltages. We only consider one of the devices here.

The second is a 4-probe current biased measurement with a small AC excitation
of 200 pA, used to measure the maximum supercurrent across the junction. A circuit
diagram of the setup is drawn in Fig. 3.8 b). Differential resistance from these
measurements is used to quantify the supercurrent. Measurements are carried in a
dilution refrigerator with a base temperature of 20 mK.

We distinguish two distinct regimes dependent on VBG: A transparent Josephson
regime with open barriers i.e. RN < h/2e2 and the transmission coefficient τ ∼ 1,
where a supercurrent is continuously observed for all VBG, and a lower transparency
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quantum dot or Coulomb blockade (CB) regime near depletion i.e. RN � h/2e2

and τ → 0. In the transparent/open regime, all VBG showed a zero bias supercurrent
branch as well as finite bias subgap resonances (MAR). In the quantum dot regime,
supercurrent is blocked within the Coulomb diamonds due to CB. Furthermore, we
observe a strongly gate dependent subgap structure in the CB regime, which we
ascribe to MAR in the presence of a single quantum dot level. [78, 79].

Fig. 4.11 shows the measured 4pt differential conductance as a function of back-
gate voltage. We identify 10 µV as the onset of Josephson regime, as zero bias
conductance is continuous above this voltage. Depletion of the device is confirmed
by the drop in finite bias conductance to zero as the backgate decreases.
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FIGURE 4.11: Line traces showing the gating of the device (SNS)
at zero bias and above the superconducting gap. VBG > 10 V cor-
responds to the open regime with a continuous supercurrent branch.

While VBG < 10 V corresponds to the Coulomb blockade regime.

4.3.1 Coulomb Blockade Regime: MAR in a Quantum Dot

The suitable conditions to observe MAR in a quantum dot are Γ ∼ ∆ 1 and a small
charging energy i.e. U < ∆ [78]. Under such conditions, the quantum dot can be
approximated as a single resonant level [79]. When this effective level lies within
the superconducting gap, tunneling through the dot is mediated by multiple Andreev
reflections (MAR) [79, 78]. A large charging energy would result in suppression of
MAR processes since for example, a 3rd order MAR involves a charge transfer of
3e. Fig. 4.12 a) shows the voltage bias spectroscopy of the device corresponding
to a resonant level in the CB regime. In this case, the addition energy is greater
than ∆, however observation of subgap (MAR) peaks suggests the charging energy
is either smaller or at least comparable to ∆. The suppression of current at negative
bias voltages indicates presence of asymmetric barriers. The position of the subgap
peaks in the triangular region are modulated by the gate voltage VBG and the peaks
branch off as horizontal conductance ridges in the Coulomb blockade region.

1Assuming the level spacing ∆E is greater than Γ.
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FIGURE 4.12: (a) Bias spectroscopy of the SNS device in the tunnel-
ing regime. The subgap conductance is due to the multiple Andreev
reflections. (b) dI/dV line trace at the gate voltage indicated by the
blue arrow in (a). The dotted lines indicate the approximate position
of the first five MAR peaks. (c) MAR peak positions vs inverse MAR

order 1/n. The slope corresponds to 2∆.

We attribute the subgap peaks in the triangular region to the resonant tunneling
of quasi-particles through the qunatum dot level mediated by Andreev reflections
[79, 78]. The conductance ridges are due to the elastic cotunneling of quasi-particles
through the dot, mediated by Andreev reflections (see section 2.2.2.4 and Ref. [80]).
The region of negative differential conductance followed by the MAR peaks is due
to the divergance in the density of states at the gap edges [6]. The current is given
by I ≈ eΓ/h, where Γ is proportional to the density of states of the electrode at
the energy of the dot level [6]. Thus, the onset of MAR peaks yields a sharp rise in
current and then drops off slowly to reach the normal state current and hence negative
differential conductance.

Fig. 4.12 b) shows a vertical cut taken at VBG= 0.25 V (blue arrow in Fig. 4.12 a).
The conductance peaks originate from the MAR of the first five orders. Different
peak widths on the negative and positive bias side indicate asymmetric coupling
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to source and drain. We extract the peak positions in VSD and plot on b) (dotted
lines). The first order MAR peak is at 2∆ and we expect the second peak to be at
eVSD = 2∆/2 i.e. the superconducting gap. For a better estimate of ∆, we perform
a linear fit (Fig. 4.12 c) to the inverse MAR order (1/n) vs extracted peak position
data and find ∆MoRe = 1.10 meV. Using the BCS ratio Tc = ∆MoRe/1.764KB, this
translates into a Tc of 7.23 K.

Explanation of the Subgap Peak Structure. We now focus on the subgap peaks
observed in the bias spectroscopy in Fig. 4.12 a). A somewhat similar subgap struc-
ture has been reported in Ref. [78] and predicted by Ref. [79]. Therefore, following
the example in these references, we consider a single quantum dot level with en-
ergy ε with respect to the Fermi level of the source µS and a lifetime broadening
Γ ≈ ∆. In the Coulomb blockade region, the level lies far away from µs and the
transport occurs by means of cotunneling events (see section 2.2.2.4). The first peak
at 2∆ in the Coulomb blockade region corresponds to the onset of quasi-particle
elastic cotunneling [6, 80]. Cotunneling consists of two tunneling events as shown
in Fig. 4.13 a). The first tunneling event transfers a quasi-particle from an occupied
state in the source to the dot followed by a transfer from the dot to an unoccupied
state in the drain, leaving the dot state unchanged. In case of superconducting leads,
a bias of at least 2∆ is required to bring the occupied states in the source in resonance
with the unoccupied states in the drain. Higher order MAR peaks in the Coulomb
blockade region involve cotunneling and Andreev reflection events. First event in-
volves tunneling of a quasi-particle from an occupied state in the left lead to the dot
as an electron or hole. A second particle in the dot with opposite energy Andreev
reflects at the right interface followed by another cotunneling event and Andreev
reflection at the left interface. The process repeats until the particle gains enough
energy to escape into an unoccupied state. The entire process is energy conserving
and the dot state is unchanged at the end. Since the cotunneling process does not de-
pend on the dot level position, MAR peaks position is unaffected by the gate voltage
and peaks appear as horizontal ridges at eVSD = 2∆/n. The presence of up to 5th

order MAR peak and cotunneling suggests relatively transparent interfaces with low
inelastic scattering [27, 79].
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FIGURE 4.13: Schematic of MAR in a Quantum dot. µS and µD
are the Fermi levels of the source and drain. (b) reconstructed from
[78]. (a) Elastic cotunneling of quasi-particles. (b) 3rd order resonant
multiple Andreev reflection process corresponding to a MAR peak.

(c) 3rd order off-resonance MAR process.

We now consider the gate dependent subgap peaks in the triangular region in
Fig. 4.12 a). The assumption Γ ≈ ∆ means there is only one level within the super-
conducting gap. The magnitude and the position of the MAR peaks in VSD depends
on the position of the dot level with respect to the Fermi levels of the source and drain
[79]. The resonance condition requires that only those MAR trajectories that connect
the dot level to the gap edges of the source and drain contribute significantly to the
current and appear as peaks in the differential conductance. One such trajectory is
shown in Fig. 4.13 b) corresponding to a 3rd order multiple Andreev reflection pro-
cess through the dot level. Here, the dot level lies exactly between the Fermi levels
of the two leads. Increasing the bias further changes the resonance condition and
the resulting MAR trajectory (Fig. 4.13 b) does not give a significant contribution
to the current. This can be understood by comparing the overall transmission proba-
bility through the dot for the two MAR trajectories. MAR trajectory b) has a higher
overall transmission probability and as a result higher Andreev reflection probability
compared to trajectory c). Therefore, at any given gate voltage, only certain MAR
trajectories give significant contribution to the current and changing the gate voltage
translates into different peak positions in VSD, as seen in Fig. 4.12 a).
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4.3.2 Josephson Regime: Supercurrent and MAR

Critical and Re-trapping Currents. Supercurrent in an SNS junction is carried
by Andreev bound states and depends on the transmission coefficient of the normal
region as well as the phase difference between the two superconducting leads (See
section 2.3.5) and Ref. [81]. The probability of Andreev reflection is unity for a per-
fect interface and decreases with decreasing opacity of the interface (section 2.3.2).
In the open barrier regime, increased interface transparency leads to an increase in
supercurrent. Moreover, if the ‘N’ in an SNS junction is a semiconductor, normal
state conductance and thereby magnitude of the supercurrent can be controlled by
the gate voltage VBG [9, 82, 83].

In Fig. 4.14 b) we present current bias measurements at different backgate volt-
ages. The IV curves clearly show a dissipationless superconducting branch and a
resistive branch above or below a threshold current. The maximum supercurrent car-
ried across an SNS junction is defined as the critical current Ic. Experimentallly,
critical current is approximated as the current at which the system switches from
superconducting to normal resistive phase [1]. Conversely, the current at which the
device switches from the normal to superconducting phase is referred to as the re-
trapping current Ir. In our measurements, current is swept from negative to positive
values and therfore Ir is on the negative bias side and Ic on the positive bias side.
Lowering the backgate results in reduced Ic and Ir. Meanwhile, slopes of the resis-
tive branches increase, indicating an increasing normal state resistance. This is due
to the n-type nature of InAs i.e. lowering the backgate leads to reduction of carrier
concentration in the nanowire and hence a higher normal state resistance and lower
critical current.

For a detailed investigation of critical current as a function of gate voltage, we
plot differential resistance dV/dISD as a function of backgate voltage VBG and bias
current ISD in Fig. 4.14 c). The black region corresponds to zero resistance and a
dissipationless supercurrent. The wiggles in the normal state resistance are attributed
to the quasi-particle current due to multiple Andreev reflections (MAR) [84]. Abrupt
transition from normal to superconductiing and vice versa can be seen as a peak in
differential resistance at both IS and Ir. We use this fact to extract Ic and Ir and
plot in Fig. 4.14 d). Both Ic and Ir increase with VBG and fluctuate as a function
of VBG due to the diffusive nature of the nanowire [9]. We find a maximum Ic of
23 nA at VBG = 19.92 V, which can be pinched off at lower VBG. Sudden increase
in differential resistance near the pinch off in Fig. 4.14 c) indicates presence of
barriers and the onset of the CB regime discussed in the preceding section. The
observed critical current is low compared to some of the previous experimental works
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utilising conventional high Tc superconductors e.g Niobium [85, 86] as well as Al
based SNS junctions [9, 87]. We attribute the observation of small critical current to
diffusive nature of the junction and finite opacity of the interfaces which can reduce
the magnitude of the supercurrent [88].
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FIGURE 4.14: (a) False colour scanning electron micrograph of
a SNS MoRe/InAs device, and circuit diagram showing applied
VSD/ISD and VBG, and measured V4pt = V+ − V− and current I.
Scale bar represents 1 µm. (b) IV curves of the SNS device plotted at
four different gate voltages. Current is swept from negative to posi-
tive values. Re-trapping and critical current are indicated by Ir and Ic
respectively. (c) Differential resistance dV/dISD vs bias current ISD
and VBG. The bias current is swept from negative to positive values.
The dark region corresponds to zero resistance and presence of super-
conductivity. (d) Ic and Ir extracted from (c). The fluctuations in both
Ic and Ir as a function of VBG are indicative of the diffusive nature of

the junction.

To understand the phase dynamics of the junction, we consider the current-phase
relationship I = Icsin(φ) [1]. Here, φ is the phase difference between the macro-
scopic wavefunction of left and right lead. The maximum current supported by the
junction is Ic and for I ≤ Ic, φ is constant i.e. φ = sin−1(I/Ic). If I > Ic then for
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a resistively and capacitively shunted junction, the excess current is carried by the
parallel resistive and capacitive channels with resistance R and capacitance C [1]. In
our case, R is the normal state resistance and C reflects the capacitance between the
source/drain electrodes and the backgate. According to the second Josephson’s equa-
tion dφ

dt = 2e
h̄ V, phase evolves in time in the resistive state. If I is now reduced, V

goes to zero when a retrapping current Ir is reached and the phase no longer evolves
in time. The value of Ir depends on the damping of the moving phase, which depends
on R and C in the resistively and capacitively shunted junction model [1]. For small
R and C, the junction is overdamped and constant phase is recovered at Ir = Ic. For
large R and C, the damping of the moving phase is small and the phase evolves in
time even below Ic. Therefore Ir < Ic and the junction is underdamped. In our case
in Fig. 4.14 d), the junction is overdamped at the Ic peaks and slightly underdamped
in the valleys due to fluctuations in the normal state resistance.

Magnetic Field and Temperature Dependence of Critical Current. We now con-
sider the effect of a perpendicular magnetic field on Ic. As can be seen in Fig. 4.15 a),
Ic follows a monotonic decay with increasing B-field and it is fully suppressed at
0.23 T. This monotonic behaviour is interpreted in the theoretical framework devel-
oped by Hammer et al [88] and Cuevas and Bergeret et al [89] for diffusive junctions
of varying widths under a perpendicular magnetic field.
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at fixed VBG = 20 V. Ic decays monotonically with B and completely
suppressed at≈ 230 mT. The white curve corresponds to the Gaussian
of best fit to the B vs Ic data. (b) Temperature dependence of the
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This is explained in terms of absence or presence of a magnetic vortex structure
in the proximitized normal material, depending on the width of the junction. Vor-
tex structure are typical to type II suprconductors. In such superconductors above a
lower critical field H1 magnetic field penetrates the superconductor in form of vor-
tices, each with quantized flux Φ0 = h/2e. The density of vortices increases with
field and above an upper critical field H2 the system goes into the normal state. At
mesoscopic scales, critical fields and therefore the vortex structure depends on the
size and topology of the sample [90].

Cuevas and Bergeret et al [89] have predicted presence of such vortex structure
in proximitized normal materials, which also depends on the size of the system.
In diffusive SNS junctions this is seen as Fraunhaufer pattern in the critical field
Ic as long as the width of the junction W is much larger than the magnetic length
ξB =

√
Φ0/B

Ic = Ic(0)
∣∣∣∣sin (πΦ/Φ0)

πΦ/Φ0

∣∣∣∣ (4.1)

where Φ = BWL, L is the length of the junction and φ0 is the flux quantum. For
narrow junctions with width smaller or comparable to the magnetic length, forma-
tion of vortex structure is energetically not favorable and the magnetic field acts
as a pair-breaking mechanism [91]. Therefore, Ic is suppressed monotonically as
a function of magnetic field. The diameter of the nanowires used in SNS devices
ranges between 80 to 100 nm. Using 200 nm as the junction length, the first min-
ima in the Fraunhaufer pattern is expected at around 0.1 T. This corresponds to a
magnetic length of ξB = 140 nm, which is comparable to the width of the junc-
tion. Therefore, we observe a monotonous decay of Ic and a complete suppression
at 0.23 T. Moreover, the shape of the decay is predicted to be a Gaussian of the form
Ic ∝ exp(−.238φ2/φ2

0) [88, 86]. Here φ = πd2B/4 with d being the diameter of
the junction. In Fig. 4.15 a), a Gaussian of best fit to Ic data is plotted and has the
form Ic = Ic(B=0) exp[−(B/.146)2]. Using 80 nm as the diameter of the nanowire,
the calculated prefactor of exponent is an order of magnitude more compared to the
theoretical prefactor. This is consistent with previous experiments [86] that found
such a numerical discrepancy, and perhaps due to difficulties in fully taking into ac-
count the device geometry in the theory. Nevertheless, the form of the fit matches the
data quite closely, in some cases much better than previous works [85].

Fig. 4.15 b) shows the temperature dependence of the critical field. Similar to
magnetic field dependence, the critical current decays monotonically with T and is
completely suppressed at ≈ 3 K. This is different from the expected Tc of 7.23 K
calculated from the MAR data. The monotonic decay as well as a smaller Tc can be
explained within the same framework as described for magnetic field dependence. In
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a diffusive junction, Bc and Tc scale with the Thouless energy ETH instead of the su-
perconducting gap ∆ [88, 92]. Hammer et al [88] has shown that the critical current
decays faster with temperature as the SN interface resistance increases. We there-
fore attribute the lower Tc to diffusive nature of our junction and finite opacity of the
interfaces. The reduction in Tc is consistent with previous experimental studies on
diffusive SNS junctions. We find a reduction in Tc by a factor of 3/7.3 = 0.41. Previ-
ous works on Niobium based junctions found a reduction by a factor of 3.5/8.5 = 0.41
[85] and 4/9.3 = 0.43 [93]. While an experimental study on Vanadium based junc-
tions showed a reduction by 2.5/4.6 = 0.54 [94].

Multiple Andreev Reflections (MAR). We now turn to the voltage bias spec-
troscopy of the SNS junction in the open regime. Fig. 4.16 a) shows the differential
conductance of the junction as a function of VSD and VBG. The strong peak at the
zero bias corresponds to the supercurrent, which flows in the absence of VSD. The
white dotted lines indicate a rough guide for the gap edges. The subgap structure
is due to the multiple Andreev reflections (see section 2.3.6). Note that the subgap
conductance increases with increasing VBG reflecting higher interface transparency
and thus higher probability for Andreev reflection. The VSD position of the MAR
peaks varies with VBG, more so at lower gate voltages.

In Fig. 4.16 b) we focus on a region where MAR peaks remain relatively con-
stant with VBG. Black arrows indicate the approximate position of the nth order
MAR, extracted from the MAR data in the Coulomb blockade regime. Resolvability
of higher order MAR becomes difficult due to the hyperbolic nature of the function
eVSD = 2∆

n . From the data, a higher order peak appears at a position corresponding
to the expected VSD for a 13th order MAR peak. The as-mentioned hyperbolic func-
tion and gate-dependence of the MAR means there may be some uncertainty in this
assignment, nevertheless, the appearance of such a high order MAR peak suggests
very low inelastic scattering probability and high but finite interface transparency
[95].

To better distinguish between the peaks, we plot the line traces at the indicated
gate voltages. The dotted lines indicate expected MAR position. We note the peak
positions do not reproduce for different VBG and in fact some of the peaks disappear
completely with changing VBG. This can be explained in terms of finite interface
transparencies [87]. The interfaces act as weak confinement potential, leading to
highly broadened energy levels in the nanowire. Similar to the case considered in
the CB regime, the relative position of these levels with respect to the Fermi level
changes with the gate voltage, which determines the magnitude and the resonant po-
sition for MAR peaks [78, 79]. Higher level of fluctuations in MAR peaks at lower
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gate voltages is due to a stronger confinement potential and thus narrower energy lev-
els. The second order MAR is expected to be at the position of the superconducting
gap and we estimate it to be ∆ ≈ 1.08 meV, consistent with ∆ ≈ 1.08 meV obtained
from the MAR data in the tunneling regime.
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FIGURE 4.16: (a) Voltage bias spectroscopy of the SNS device
in the open regime, showing a continuous supercurrent branch
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from the tunneling regime.
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Chapter 5

Conclusion and Outlook

This thesis aimed at proximitizing InAs nanowires with molybdynum-rhenium alloy,
a high Tc and Bc superconductor compared to aluminum. Tunneling spectroscopy of
the NS devices showed an estimated induced gap of at least 0.9 meV with a high
bound state density, indicating suitability for Majorana/Andreev-related measure-
ments and a high Tc of ≈ 10 K. In SNS junctions, we found a maximum critical
current of 23 nA, a gap of 1.1 meV and well resolved MAR peaks both in the tunnel-
ing and open regime. In conclusion, MoRe effectively proximitizes InAs quantum
devices, and has the desired Tc with the dimensions used here. A large induced gap
combined with the high density of bound states in the NS devices and a gate tun-
able supercurrent with well resolved MAR resonances in SNS devices make MoRe
a highly useful material to incorporate in semiconductor/superconductor hybrids.

The success of Al based nanowire devices rests on the realization of pristine and
epitaxially matched NS interfaces [33, 32], which lead to a hard induced gap. How-
ever, an epitaxial interface is not a prerequisite for hard gap superconductivity, rather
an impurity free, uniform interface should suffice, as demonstrated by Ref. [31].
Therefore, improvements in the MoRe based devices include aiming for hard gap su-
perconductivity by in situ deposition of the material, possibly by employing a shadow
mask technique [31]. This will require either coevaporation of molybdenum and rhe-
nium, or making the sputtering more directional [96]. The basic building blocks for
a topological qubit are ‘Majorana islands’ [97], consisting of segments of proxim-
itized wire. On a charge stability diagram, the island displays a 2e periodicity for
eVSD < ∆ and 1e periodicity for eVSD > ∆, as long as ∆ is greater than charging
energy [31]. Therefore, in addition to conventional NS and SNS architectures with
pristine interfaces, we propose fabricating Majorana island devices as well and check
for 2e periodicity.
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Appendix A

Fabrication Recipe

1. Cleaning the substrate: 3 mins in acetone on the sonicator (80Hz,100%). 3
mins in IPA on the sonicator (80Hz,100%). 1 min in MQ on the sonicator
(80Hz,100%)

2. Resist Coating: Spin coat the sample with the resist (PMMA A6 500 nm), with
centrifuge settings 4000 rmp, 60 secs. Bake for 1 min at 185o.

3. Exposure: 60.000 dots per 300 µm resolution, 1200µC
cm2 dose and 500 pA beam

current

4. Resist Development: 90 secs in 1:3 MIBK-IPA. Rinse in IPA and MQ for 30
secs each. Plasma ash for 60 secs.

5. Metal Deposition

MoRe: Ion milling for 7 mins with a Kaufmann ion milling system, with a
beam voltage of 100 V and a current of 10 mA. Sputter rate is calibrated to
10.9 nm/min. Therefore, sputter for 23 mins to obtain an approximate thick-
ness of 250 nm. Tilt the sample at an angle of 15-20 degrees (clockwise) away
from the e-beam target and towards the sputter target. Rotate the sample while
sputtering to obtain a uniform film.

Ti/Au: RF milling, 15 watts for 8 mins. 5nm of Ti and 250 nm of Au.

6. Lift-off: One hour in Acetone at 50 oC. Rinse in IPA and MQ for 30 secs
afterwards.
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Appendix B

Additional N-QD-S Devices
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FIGURE B.1: Bias spectroscopy of N-QD-S devices 1 and 2. The
apparent induced gap looks much smaller than the device considered

in the text.
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FIGURE B.2: (a) Bias spectroscopy of N-QD-S device 3. (b)-(c) Bias
spectroscopy in the tunneling regime. Assuming the bound state in (b)
terminates at the gap edges, the device has a gap value approximately
equal to the device considered in the text. The spectra observed out-

side the gap in (b) could be explained by Ref. [98]
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Appendix C

Additional S-QD-S Devices

C.1 Bias spectroscopy of S-QD-S Devices

FIGURE C.1: Bias spectroscopy of S-QD-S devices 1 to 3. A super-
current branch can be seen at higher gate voltages. Device 2 and 3
are in CB regime as described in the text. Device 1 is the CB regime

below ≈ 18.25 V. All devices show superconducting features.
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FIGURE C.2: Bias spectroscopy of S-QD-S devices 4 to 6.
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C.2 Bias spectroscopy of S-QD-S devices in Tunneling
Regime.
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FIGURE C.3: Bias spectroscopy of S-QD-S devices 1 to 6 in the tun-
neling regime. The subgap peak structure could be related to MAR or
an interplay between MAR and YSR states as seen in Ref. [80]. All

the devices except device 1 and 5 look pretty disordered.
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C.3 Bias spectroscopy of Device 7

FIGURE C.4: (a) Bias spectroscopy of S-QD-S Dev7. A clear super-
current branch as well as MAR peaks can be seen. Modulation of the
MAR peaks with gate voltage shows the interfaces are not transparent.
A continuous supercurrent branch can be seen for VBG > 9V, below
which th system is in the CB regime, where supercurrent is suppressed
inside a Coulomb diamond. (b)-(c) Bias spectroscopy in the tunneling
regime. The feature inside the triangular region has not been studied

yet.
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FIGURE C.5: Magnetic field evolution of the middle triangular region
in Fig. C.4 c). The feature has not been studied yet. However, we no-
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cited state (white dots). From the quasi-particle cotunneling onset, we

estimate a gap of ≈ 1meV.
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